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Abstract  
Renewable energy resources are of great attention by many countries. However, volatile 
and intermittent nature of renewable energies has made their directly connect to the grid very 
challenging and costly. Therefore, it is essential to couple a renewable energy resource with an 
energy storage technology. Among different types of energy storage systems developed so far, 
compressed air energy storage (CAES) is a large-scale energy storage system which has 
distinguished advantages over other types of energy storage systems; such as large energy 
storage capacity, long operation time and short response time. Currently, there are two called 
conventional or Diabatic CAES (D-CAES) plants in operation one of which is in Huntorf 
(Germany) and the other is in McIntosh (USA). However, the main drawback of these D-CAES 
plants is their low cycle energy efficiency primarily due to a large energy loss during the system 
operation. To minimise the energy loss and improve the system performance, the structure of 
D-CAES evolved and new classifications of the CAES system were developed.  
In the present thesis, a wide literature review is firstly performed to obtain a broad 
overview of recent developments in various classifications of CAES systems and identify the 
research gap in this technology. Adiabatic CAES (A-CAES) is one of the main types of CAES 
systems. However, one of the most challenges associated with the A-CAES is variation of the 
air pressure and temperature during actual cyclic operation of the system particularly thro ugh 
expansion when the air flows out of the storage cavern. In this research, a comprehens ive 
thermodynamic model is developed and validated with an experimental work to study the 
dynamic operational behaviour of a low-temperature A-CAES system. A sensitivity analys is 
is then performed to investigate the system performance under various operating conditions. 
The obtained results from the conducted analysis show that the system cycle efficiency is quite 
low compared to other types of energy storage systems. Therefore, there is a strong need to 
propose and develop a new energy storage technology which resolves the problems associated 
with the CAES system.  
The performed study on the A-CAES system and the pumped hydro concept are 
employed to develop the configuration and working principles of a combined Pumped-Hydro 
and Compressed Air (PHCA) energy storage. A comprehensive thermodynamic and exergy 
model is then developed to identify key parameters of the PHCA system and investigate its 
performance under two extreme isothermal and isentropic air compression/expansion in the 
storage vessel. Key parameters of the system include the pre-set pressure, storage pressure, air 
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compression/expansion mode in the storage vessel, and pump/hydro turbine efficiency. The 
system performance is also characterised by the total input/output works, energy storage level 
in the system, overall cycle efficiency, and exergy destruction in main components of the 
system. The exergy model is then applied to evaluate the performance loss due to exergy 
destruction at each system component and identify their inefficiency under different operating 
conditions. 
In a PHCA energy storage system, energy is stored in a storage vessel. The dynamic fluid 
flow and heat transfer mechanism inside the storage vessel has a determining effect on 
performance of the PHCA system. In this research, the dynamic flow and heat transfer is 
simulated and analysed in a three-dimensional cylindrical storage vessel using a multiphase 
Volume of Fluid (VOF) and turbulence k −  models. Momentum and energy equations are 
solved in a prescribed physical domain which is, in this study, a cylindrical storage vessel with 
an inner diameter of 60 cm and height of 100 cm. The numerical simulation is performed for 
one continuous operational cycle of the PHCA system. The results are presented for a wide 
range of governing parameters including the pre-set pressure, storage pressure, charging and 
discharging flow rates.  
The presented research provides a good understanding of performance of the PHCA 
system under different operating conditions. Also, this PhD thesis provides researchers and 
engineers with useful information for the primary system design and optimization based on the 
grid requirements and limitations. It also shows a bright view about applicability and 
practicality of the PHCA system in the Australia energy storage market. 
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Chapter 1: Introduction 
1.1 Background  
Renewable energy sources; such as wind and solar, have vast potential to offer cost 
competitive power supply, reduce dependence on fossil fuels and address environmenta l 
concerns associated with the electric sector [1, 2]. Many developed and developing countries 
have established ambitious renewable energy targets. In the United States alone, from 2007-
2017 the investment in renewable generation, smart grid, storage and electric transport 
technologies totalled $558 billion. Particularly for wind energy, the cumulative installed 
capacities of wind turbines in the USA has reached 88.973 GW (16.5% of the world installed 
capacity) by the end of 2017 [3, 4]. Also, some roadmaps have been developed to cover all the 
energy consumption in 53 cities of North America from wind and solar energies by the year 
2050 [5]. The European Union (EU) is also on course to achieve its target of producing one-
fifth of its energy from renewable sources by 2020. In 2013, new renewable energy generation 
capacity in China exceeded new fossil fuel and nuclear capacity for the first time. In particular, 
Australian Federal government has established the ambitious goal to produce a large 
percentage of its energy requirements from alternative renewable sources (mainly wind and 
solar PV) to reduce their reliance on fossil fuels and reduce greenhouse gas emissions to 23.5% 
by 2020 [6]. Australian Government Energy Statement is as “Enabling the Australian energy 
sector to improve efficiency, reduce emissions and integrate diverse energy sources into the 
electricity grid and, as a result, create jobs, growth and export opportunities”. On the way of 
progress towards achieving this purpose, Australian small states will aggressively achieve 100 
% of their renewable targets by 2022 [7]. 
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However, the output energy from a renewable energy resource typically varies and is not 
consistent with the grid demands and power consumption. This volatile and intermittent nature 
of renewable energy sources has greatly challenged the utilization of renewable energy 
resources in power generation. For example, for the wind energy, maximum generated power 
by an electrical generator linked with the wind turbine occurs at the highest local wind speed. 
This maximum power is not necessarily coincident with the peak power requirement by the 
grid. Moreover, if the wind turbine is directly connected to the grid, the electrical transmiss ion 
system must have the capacity for the rated (peak) power of the wind turbine. As a result, the 
generator and transmission system would be over-sized which is waste of cost. Therefore, 
electrical energy storage (EES) technologies are introduced to smooth renewable power output 
by storing the excess energy in off-peak hours and releasing this energy in peak hours [8-10]. 
If a renewable energy resource is coupled with an energy storage system, output power 
fluctuations are eliminated and an average power on a continuous, stable basis is generated. 
Besides, the size and capacity of the generator and electrical transmission system are reduced 
since they are sized based on this average output power. This reduction in size brings about the 
lower cost and higher efficiency of the integration of the wind turbine-energy storage system. 
Figure 1.1 typically illustrates how coupling a wind turbine, for example, with an energy 
storage system can produce a stable average power. As this figure shows, the energy storage in 
the accumulator increases at high rates of wind turbine power. However, when the availab le 
wind power is lower than the generator output power, the quantity of stored energy in the 
system is reduced as this stored energy is extracted to compensate for the power deficit.  
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Figure 1.1 Influence of deployment of the energy storage system on stabilising the output 
power of a wind turbine [11] 
EES technologies can be classified in four categories: (a) physical energy storage such 
as flywheels, pumped hydro (PH) and compressed air energy storage (CAES), (b) thermal 
energy storage such as latent heat and sensible energy storage, (c) superconducting magnetic 
energy storage (SMES), and (d) electro chemical energy storage such as batteries and fuel cells 
[12]. Figure 1.2 compares capital cost per kW of different types of energy storage systems. 
There are in the order of 30 EES technologies operating worldwide, with over 500 pilot projects 
and commercial ventures underway [13]. The US has the largest market for energy storage both 
by number of projects and by installed capacity. By the end of year 2014, the US had 
commissioned 95 energy storage projects, with installed capacity exceeding 357 MW. Japan is 
the second in installed capacity with 310 MW, and China the second in number of projects with 
63. In 2014, the US installed the newest ES, 34.4 MW, with China and Europe following with 
31 MW and 27.7 MW respectively.  
Amongst different types of energy storage technologies, pumped hydro (PH) energy 
storage and compressed air energy storage (CAES) systems can offer sufficient energy 
capacity, high cycle life and fast response time [14]. Currently, PH is the most practical and 
mature energy storage technology and has the highest penetration in the global energy storage 
market (99% of installed electrical energy storage) [15-17]. Capital costs per kW for a PH plant 
range between $470/kW and $2170/kW which is highly dependent upon site and project 
specifics. However, dependence of the PH system on specific geological and environmenta l 
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conditions, the need for water sources with relatively low evaporation, along with large 
investment prerequisites and long construction periods, make the development of PH 
technology very difficult in many countries [18, 19].  
CAES is another large-scale energy storage technology which can offer large power and 
energy capacity, high cycle life and fast response time [14]. During four decades of operation, 
the CAES energy storage system has proven its distinguished merits such as large power and 
energy capacity, long lifetime, and fast response time [14, 20]. Also, the capital cost for storage 
in the CAES system is between 40 $/kWh and 110 $/kWh and the system operation and 
maintenance cost is 4 $/kW-per year which are the lowest compared to other EES technologies 
[19]. These features make CAES systems particularly suitable for energy storage purposes in 
the electric grid [21]. However, it has not been widely commercialised due to: its low 
efficiency; stability and sealing problems with the underground air storage cavern; auxiliary 
heating problems of compressed air; as well as geological constraints; and its complicated 
structure. More researches are needed to investigate the CAES system performance under 
dynamic operating conditions, and the design bottleneck of the CAES system to achieve a 
highly stable and reliable system performance. Also, more studies have to be performed to find 
new methods to further improve the CAES system efficiency and hence improve its 
commercialization.      
 
Figure 1.2 Comparison of capital cost of various energy storage systems [19] 
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The Australian energy storage market has been hampered and plagued throughout the 
last years mainly due to the low efficiency and limitations of the existing energy storage 
systems. By taking into account these limitations, it is, therefore, crucial to develop a new, 
reliable, highly efficient energy storage system to bridge the gap between Australian and 
international energy storage markets.  
1.2 Objectives and Innovations 
1.2.1 Objectives 
The main objective of this PhD research thesis is to develop a novel energy storage 
technology to enable electrical power industries to maximize their economic gains and 
renewable energy penetration. To achieve this aim, the dynamic operational behaviour of an 
Adiabatic CAES, as one of the main large-scale energy storage systems, is studied and its 
applicability and practicality in the Australia energy storage market is examined. This study is 
applied to increase renewable energy penetration via development of a novel Pumped Hydro 
and Compressed Air (PHCA) energy storage system. A comprehensive mathematical model is 
developed to unravel the performance and operational behaviour of the PHCA system under 
various operating conditions. By introducing the PHCA system as a novel, high-effic ient 
energy storage method, in addition to smoothing the output power of a renewable energy 
resource, valuable grid support services are provided. These services include balancing the 
energy supply and demand, balancing the cost and environmental impact, regulating electric ity 
flow, reducing transmission and distribution congestion, and integrating renewable energy 
generation.  
1.2.2 Innovations 
This PhD research project will lead to the following innovations: 
• The first innovation is in analysing the dynamic operational behaviour of a low-
temperature Adiabatic CAES (A-CAES). In this analysis, a comprehens ive 
thermodynamic model is developed to evaluate the actual cyclic operation of a low-
temperature A-CAES system when the air temperature and pressure vary with time. Also, 
a sensitivity analysis is performed to evaluate performance of the A-CAES system and 
its capability in penetration in the Australia energy storage market.    
• The second innovation is in introducing a new thermodynamic cycle concept by 
integrating thermodynamic cycles of PH and CAES energy storage systems. Under such 
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a new concept, the novel PHCA energy storage system concurrently makes use of 
advantages of PH and CAES systems and eliminates their drawbacks. 
• The third innovation is in developing a comprehensive thermodynamic and exergy model 
to evaluate the PHCA system performance by using fundamental heat transfer, 
thermodynamic and exergy concepts. This model is used to investigate the 
thermodynamic operational behaviour of the PHCA system under various operating 
conditions for a wide range of key parameters including storage pressure, pre-set 
pressure, and isentropic efficiency of the pump / hydroturbine.  
• As the forth innovation, a three-dimensional dynamic approach is developed to simula te 
the multiphase, turbulent flow in a storage vessel associated with the PHCA system. The 
analysis also includes study of the heat transfer mechanism between the sealed 
compressed air and stored water in the pressurized vessel. The effects of heat transfer on 
improvement of the PHCA system is investigated for a wide range of key parameters; 
such as, storage pressure, pre-set pressure, and inflow / outflow rates. The numeric a l 
simulations are performed for one continuous operational cycle of the PHCA system.   
1.3 Benefit  
Improving energy storage efficiency has been demonstrated as an effective mean to 
improve the total energy efficiency of a society and has a significant benefit for the economy. 
The development and exploration of the PHCA energy storage system will have a great 
potential to make significant contributions to Australian and international industries includ ing, 
but not limited to, wind industry, solar industry, electronic industry, manufacturing industry 
and process industry with an innovative solution for greenhouse gas emissions reduction and 
peak electricity demand mitigation. It will also play a critical role of innovation in sustaining 
the competitive advantage of a society's renewable energy related industries where renewable 
energy storage can be effectively used for energy management and bring significant economic 
benefits.  
This research will also bring following key national benefits: 
An environmentally sustainable Australia: The performed research will address one of the three 
Australia’s biggest challenges, i.e. coping with an efficient, cost-effective and reliable energy 
storage technology which can be widely used in many industrial sectors. By increasing the 
penetration of renewable energy resources, the developed PHCA system will significantly 
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reduce fossil fuels consumption and greenhouse gas emissions. It will also further help improve 
the security of national energy supplies. 
Promoting Australia’s innovation culture and research reputation: The PHCA system is a new 
type of energy storage technology. This technology can be innovatively cooperated with a 
renewable energy resource in many industries, such as solar thermal heating industry and 
manufacturing industry and hence it will make Australia the international leader in these fields.  
1.4 Thesis Outline  
This thesis consists of five more chapters involving theoretical and applied research 
activities to address the research objectives, as the following, 
In chapter 2, a wide literature review is performed to identify the current cutting-edge 
technology and research gap in the compressed air and pumped hydro technologies. 
In chapter 3, a comprehensive thermodynamic model is developed to investigate the 
actual cyclic operation of a low-temperature A-CAES system. Using the real geometric data of 
Huntorf CAES plant, a sensitivity analysis is performed to study the effects of different 
governing parameters on dynamic performance of the system. The governing parameters 
include the air mass flow rate in compressors/expanders; stage numbers of 
compression/expansion; cavern storage pressure; cavern initial pressure; water flow rate in 
compression heat exchangers; and compressor isentropic efficiency. The obtained results will 
be analysed to find out the applicability of the A-CAES system in the energy storage market in 
Australia.    
In chapter 4, the analysis conducted in chapter 3 is applied to develop the configura t ion 
of the Pumped Hydro and Compressed Air (PHCA) energy storage system. A comprehens ive 
mathematical model will be developed using mass and energy balance principles. The 
developed model will be first used to perform thermodynamic and exergy analysis of the PHCA 
system to better understand the bottleneck which affects the system performance. This analys is 
is used to compare the system efficiency with other energy storage technologies. Then, the 
developed model will be used to analyze the flow and heat transfer mechanism between the 
high-pressure water and air in the storage vessel for one operational cycle of the PHCA system.  
In chapter 5, firstly the obtained results from thermodynamic and exergy analyses of the 
PHCA system are presented under two extreme cases of isentropic and isothermal air 
compression/expansion in the storage vessel. Next, the numerical simulation of cyclic 
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operation of the storage vessel is discussed. The methodology of improvement of the vessel 
performance during the charging/discharging process will be proposed and studied. The results 
are presented for a wide range of governing parameters which include the pre-set pressure, 
storage pressure, isentropic efficiency of the pump / hydro turbine, and charging/discharging 
flow rates.   
In chapter 6, a summary of the performed research work is presented, and main 
achievements of the thesis are outlined. Since the PHCA system is on its preliminary research 
stage, this chapter also highlights the current research gap in this area to further explore this 
energy storage system. 
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Chapter 2: State of the Art of Compressed Air Energy Storage 
System 
Among different types of energy storage systems developed so far, compressed air energy 
storage (CAES) is a large-scale energy storage system which has distinguished advantages such 
as large energy storage capacity, long operation time and short response time. There are 
currently two conventional Diabatic CAES (D-CAES) plants which have been in operation for 
decades in Huntorf, Germany, and McIntosh, USA. To minimise the energy loss from the 
system and improve its performance, the structure of D-CAES evolved and new classificat ions 
of CAES system were developed which includes Adiabatic CAES (A-CAES), and Isothermal 
CAES (I-CAES). In this chapter, firstly general working principles of a CAES system are 
described and then main characteristics of two D-CAES systems are reviewed. Next, a 
comprehensive literature review is performed to review in detail recent publications which 
studied performance of different types of the CAES system under various operational 
conditions and configurations. 
2.1 General Working Principle of Compressed Air Energy Storage  
In a CAES system, air is compressed by a compressor using off-peak, cheap electric ity 
or the excess energy of renewable energy sources, such as a wind turbine or solar energy. 
Before it is transferred into the storage vessel, the compressed air is cooled in a heat exchanger 
to the near ambient temperature to ensure high compression efficiency and achieve maximum 
storage. The pressurized air is released into a gas turbine to generate the electricity when it is 
on demand in peak hours or for other grid balancing and regulation purposes. 
Chapter 2: State of the Art of Compressed Air Energy Storage System   12 
 
 
 
There are three main categories of the CAES system based on how the air is stored and 
the heat utilization is handled. These categories include Diabatic CAES; Adiabatic CAES; and 
Isothermal CAES. In a Diabatic CAES system, the heat of compression is wasted to the 
surrounding environment. Therefore, an external energy resource, such as a natural gas burner, 
is required to compensate for the wasted energy and preheat the air before expansion. This 
issue was attempted to resolve in the Adiabatic CAES systems. In this system, a thermal energy 
reservoir is used to absorb and store thermal energy of the air after its compression. This energy 
is transferred back to the air during discharging to increase the air temperature. To minimise 
the energy loss, an isothermal CAES is proposed and developed. In this system, the air is 
compressed and stored through an isothermal air compression process. When electricity is on 
demand, the air is released from the storage cavern to generate the required power in an 
isothermal air expansion. 
2.2 Diabatic CAES Systems 
In a conventional or so-called Diabatic CAES (D-CAES), the heat of compression is 
wasted to surroundings when the compressed air is cooled down. Therefore, the high-pressure 
air has to be pre-heated in a combustion chamber, prior to the expansion process, by burning a 
natural gas or any other form of fossil fuel [22, 23]. Two input energy sources are required to 
run a D-CAES system: the electrical energy or excess energy of a renewable energy resource 
to compress the air via a compressor and thermal energy to pre-heat the air before expansion. 
There are currently two large-scale D-CAES plants in operation in the world: Huntorf 
CAES plant with a power of 290 MW built in Germany in 1978 and McIntosh CAES plant 
with a power of 110 MW built in the US in 1991. Both plants use natural gas as the main heat 
source for power generation and use salt caverns to store the high-pressure air [24-26]. The 
Huntorf plant operates in a two-stage air compression/expansion with a pressure range between 
46 and 72 bars. It’s efficiency is around 42% [27]. Although intercooling between the two-
stage air compression limits the exergy loss in this plant, 25% of the exergy supplied to 
compressors is wasted to the ambient as there is no device to store the heat. On the other hand, 
McIntosh plant operates with three compressors and two expanders in a pressure range between 
46 and 75 bars. The plant efficiency is 53% which is higher than the Huntorf plant. The main 
reason of the efficiency improvement in this plant is to apply a recuperator to extract the heat 
thermal energy of the hot exhaust air from the expander. This energy is used in a heat exchanger 
to pre-heat the air before  expansion [28]. The low efficiency of these two plants is due to the 
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loss of compression heat energy as well as the use of fossil fuels to pre-heat the air before 
expansion [29, 30]. Figure 2.1 shows the heat and energy flows in McIntosh plant to produce 
1.0 kWh output, based on the analysis performed by Kim et al. [31]. 
 
Figure 2.1 Heat and energy flows of McIntosh D-CAES plant for 1.0 kWh output [31] 
Table 2.1 compares technical characteristics of Huntorf and McIntosh plants. By 
considering charging and discharging times of these plants, it is figured out that McIntosh plant 
has been mainly designed to shift the load on a weekly basis. On the other side, the main 
purpose of Huntorf plant is to shift the power on an hourly basis in which high efficiency is not 
of great importance [32, 33]. 
Table 2.1 Comparison between technical specifications of Huntorf and McIntosh D-CAES 
Plants [24, 26, 27, 31, 32]  
Technical Specification Huntorf Plant McIntosh Plant 
Operation year 1978 1991 
Capacity (MW) 290 110 
Charging time (h) 8 40 
Discharging time (h) 2 26 
Normal start-up time (min) 14 12 
Input power for one 1.0 
kWh output power 
0.8 kWh (el.) plus  
1.6 kWh (gas) 
0.63 kWh (el.) plus  
1.22 kWh (gas) 
Plant efficiency (%) 42 53 
Compressor efficiency (%) 80 80 
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Minimum/Maximum energy 
(MW h) 
0/480 200/2000 
No. of caverns  2 1 
Cavern pressure range (bar) 46-72 46-75 
Cavern volume (m3) 310,000 538,000 
Cavern geology Salt Salt 
Compression air mass flow 
(kg/s) 
107 93 
Expansion air mass flow 
(kg/s) 
455 154 
Exhaust gas temperature 
(0C) 
480 370 (before recuperator) 
Invested finance ($/kW) 480 492 
 
There are a number of conventional CAES plants being in research and development 
stage such as Norton Plant in Ohio with the power of 2,700 MW and PG&E Plant in California 
with the power of 300 MW, both in the US [34]. However, due primarily to geologic 
constraints, low cycle efficiency compared to other energy storage technologies, and noticeable 
energy loss, several D-CAES projects have been failed so far in different parts of the world; 
such as Seneca Plant in New York, US (150 MW); Iowa Stored Energy Park Plant in Iowa, US 
(270MW); and Donbas Plant in Ukraine (1,050MW). There has been always attempts to 
resolve the issues associated with conventional CAES plants and improve their efficiency. 
These attempts have been resulted in proposing the Adiabatic CAES system. This system is 
discussed in the following section.     
2.3 Recent Advancements in Adiabatic CAES Systems 
The Adiabatic CAES (A-CAES) system was proposed to decrease energy loss in D-
CAES systems and improve their performance [25, 35-38]. In an A-CAES system, the focus is 
to improve the efficiency by storing the heat of compression in a thermal reservoir which is 
called Thermal Energy Storage (TES). This heat energy is later released to preheat the 
pressurized air prior to the expansion process in an expander. Therefore, fossil fuels are no 
longer required for pre-heating the air before expansion. Theoretically, there are two ways to 
store the thermal energy of compressed air in A-CAES systems. Firstly, the hot air itself is 
directly stored in a storage volume or cavern inferring that the storage volume and thermal 
energy storage (TES) are combined. Thus, the storage volume must be resistant to high air 
temperatures. For example, the air temperature would reach up to 277 oC if it is compressed 
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reversibly to the pressure of 10 bar. This concept has not become successful in the energy 
storage market due to the low energy density and high air temperature reached at low-pressure 
ratios [39]. These limitations have led to develop another concept of A-CAES systems at which 
the compressed air is cooled down when it passes through heat exchangers and its thermal 
energy is absorbed and stored in Thermal Energy Storage (TES). Thus, the air can be stored in 
the storage volume with much higher storage pressures.        
TES is one of the essential components in A-CAES systems. Depending on the storage 
temperature in TES, A-CAES systems are classified into three categories:  
- High-temperature systems in which storage temperatures are higher than 400 oC [40, 
41] 
- Medium-temperature systems in which storage temperatures are in the range of 200 oC 
to 400 oC  [42, 43] 
- Low-temperature systems in which storage temperatures are lower than 200 oC [44] 
 
The concept of high-temperature A-CAES resulted in development of a new generation 
of CAES systems called Advanced Adiabatic CAES (AA-CAES) [40, 41, 45-47]. The AA-
CAES is a large scale, emission-free storage technology with as high efficiency as 70 % and 
beyond at moderate pressure levels [48, 49]. Figure 2.2 shows a schematic of an AA-CAES 
system and its heat and energy flows for generation of 1.0 kWh.  
 
Figure 2.2 Heat and energy flows in an AA-CAES system for 1.0 kWh output [50] 
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To further develop the concept of AA-CAES systems, ADELE research project (360 
MW) started in Germany in 2010 [51, 52]. However, there are some challenges for further 
development of these systems most specifically the need to employ TES and compressors 
which can withstand thermal and mechanical stresses at a temperature of around 600 oC [53]. 
Also, due primarily to thermal and mechanical stresses and high-operating temperatures, the 
start-up time of an AA-CAES system is 10-15 min which is higher than Pumped Hydro (PH) 
energy storage being less than 2 min [28, 54]. The start-up time is one of the determining 
parameters which shows the capability of the energy storage technology to reach its full load 
conditions from the cold, initial state. The lower the start-up time, the more chance the energy 
storage technology will have to participate in profitable energy markets [55]. 
In medium-temperature CAES systems, the storage temperature in TES is lowered. 
Although the cycle efficiency slightly decreases in medium-temperature systems (table 2.2), 
the major challenges of AA-CAES systems are avoided. There are suitable TES media 
operating in the temperature range between 200 oC to 400 oC such as molten salt and thermal 
oil. The off-the-shelf compressors are also applicable if the compressor output temperature is 
less than 400 oC [56]. Since the thermal stress is still high in medium-temperature A-CAES 
systems, the start-up time ranges between 10-15 min [28].   
Basic details of low-temperature A-CAES systems have been discussed in [44, 57-62]. 
Dropping the storage temperature bellow 200 oC decreases the system efficiency (table 2.2). 
Therefore, to keep these systems at an acceptable energy density and efficiency, a heat 
exchanger is required after each stage of compression and before each stage of expansion, as it 
is shown in figure 2.3. By using intercoolers during compression, the required work to 
compress the air is reduced and less exergy is wasted to the ambient. The stored heat of 
compression can be effectually regained during expansion to further improve the effic iency of 
the system.  Also, by lowering the storage temperature bellow 200 oC, it would be applicable 
to use liquid TES media and common heat exchangers/pumps in the system. Off-the-she lf 
compressors and expanders are also more applicable at lower temperatures of 200 oC. In 
addition, the start-up time decreases to less than 5 min enabling the low-temperature A-CAES 
systems to participate in additional energy storage markets [62]. Despite these advantages, low-
temperature CAES systems have the lowest efficiency compared to other categories of A-
CAES systems, as it is shown in table 2.2.   
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Figure 2.3 Configuration of a low-temperature, multi stage A-CAES system 
Table 2.2 compares the estimated efficiency of different categories of A-CAES systems 
based on their storage temperature.  
Table 2.2 Calculated A-CAES cycle efficiencies for different storage temperatures 
Storage temperature (oC) Cycle Efficiency (%) 
80 52 [57] 
90 52 [62] 
140 57 [62] 
180 60 [62] 
380 68 [28] 
400 63 [49] 
530 66 [49] 
580 69 [28] 
640 70 [51] 
650 68 [49] 
760 70 [49] 
 
There are some publications in the literature in which thermodynamic and exergy 
performance of CAES systems were investigated. Arsie et al. [63] developed a thermo-
economic model in MATLAB/Simulink to simulate and optimise a hybrid power plant 
consisting of a wind turbine coordinated with a multi-stage CAES. The performed parametric 
study showed that by coupling the wind turbine and grids with a CAES system, carbon dioxide 
emissions are reduced by a factor of 2 and daily operational costs are saved from 20% to 25%. 
Pickard et al. [64] carried out a thermodynamic and exergy analysis to explore if a large-scale 
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AA-CAES system is technically and economically feasible. Their analysis showed that 
although the cycle efficiency of the system is at least 50%, it is less economically attractive 
than underground pumped hydro storage. Fernando et al. [65] developed a thermodynamic 
model, based on the optimal operation strategies, to investigate the reliability and applicability 
of integrating AA-CAES systems into the existing commercial power markets. Sedighnejad et 
al. [66] presented a thermodynamic model to simulate a hybrid system comprising wind, CAES 
system and a diesel generator for back up purposes. The analysis showed that the governing 
parameters of storage pressure in the air storage volume along with the volume size manipula te 
the wind energy storage. Kim et al. [31] performed energy and exergy analyses to review the 
main drawbacks of the adiabatic CAES systems. Kim et al. [67] performed an energy and 
exergy analysis to investigate the operation characteristics of a constant-pressure CAES system 
in different compression and expansion processes. In this research, instead of elevation 
difference of the water column previously proposed by Kondoh [68], a hydraulic pump was 
designed to provide the CAES with constant air pressure. In another research, Kim et al. [69] 
conducted a numerical simulation to study the thermodynamic, heat transfer and geo-
mechanical behaviour of an underground shallow lined rock cavern of a CAES system. It was 
revealed that the permeability of concrete lining and its surrounding rock has a key effect on 
the long-term air tightness in the cavern. Bi et al. [70] introduced the configuration and 
operating modes of a combined air and hydro energy storage (CAHES). This system is 
combined with solar panels to reduce the compression heat losses and control the changing 
working conditions in the air vessel. The performed thermodynamic analysis revealed that 
exergy efficiency and charging electricity ratio of the proposed system can reach approximate ly 
50% and 80%, respectively. Mozayeni et al. [71] developed a thermodynamic model to 
evaluate the performance of a one-stage AA-CAES system.       
Also, the performance of iso-baric CAES systems have been analysed by some 
researchers. Nielson and Leithner [72] developed a dynamic model to simulate the dynamic 
performance of an isobaric cavern associated with an adiabatic CAES plant. In this plant, a 
brine shuttle pond at the surface is employed to drive out the stored air inside the cavern at 
approximately constant pressure. The simulation results were validated with the operational 
test data of the cavern of Huntorf plant. Mazloum et al. [73] developed a steady state 
thermodynamic and exergoeconomic model to analyse thermodynamic behaviour of an 
isobaric adiabatic CAES (IA-CAES) system and evaluate its exergy losses. The obtained 
results from this analysis showed that the IA-CAES system has the storage efficiency of 55.1% 
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and energy density of 11.9 kWh/m3. Also, the performed exergoeconomic optimiza t ion 
revealed that its efficiency is improved by 2.7% when the system is optimised. The consumed 
electricity cost and capital investment for the optimised system are also reduced by 2.8% and 
5.6%, respectively. DinAli and Dincer [74] presented a thermodynamic study of a constant-
pressure CAES system integrated with water heater and a LiBr absorption chiller. Overall 
performance of the integrated multigenerational system was evaluated through the 
thermodynamic and exergy analyses. The performed parametric investigation showed that 
energy efficiency and exergy efficiency of the proposed system are improved by 11% and 
6.2%, respectively, compared to the conventional single generations CAES systems. 
Low-temperature TES has been of great interest recently due to its outstanding 
advantages over other types of TES. Wolf and Budt [44] recently proposed the concept of a 
low-temperature A-CAES design to avoid technical challenges associated with TES operating 
at high temperatures. The cycle efficiency of this design was reported to be in the range 52-
60% which is slightly lower than that of high temperature A-CAES systems. However, 
economic analysis showed that the fast start-up characteristics and wide-ranging part-load 
ability of the proposed system can overcompensate the lower cycle efficiencies in long- term 
operation. Budt et al. [75] used Modelica software to simulate a low-temperature CAES system 
operating in the range 100 to 200 oC. In this simulation, the behaviour of turbomachinery was 
analysed, along with pressure losses and heat flows in the system. Bagdanavicius and Jenkins 
[76] carried out an exergy and exergoeconomic analysis to study the potential of using the 
wasted heat energy during air compression in a CAES system. In this research, a conventiona l 
CAES system was compared with a CAES combined with Thermal Storage (CAES-TS) in 
which the wasted heat energy is used for heating purposes. It was realised that by combining 
the Thermal Storage to CAES system, the energy efficiency is improved from 48% to 86% and 
exergy efficiency is improved from 50.1% to 55.8%. Also, in the proposed CAES-TS system, 
the generated electricity cost is estimated as 11.20 £/kW h revealing 19.3% cost reduction 
compared to the CAES system. Zhang et al. [77] developed a thermodynamic model to 
investigate the influence of Thermal Energy Storage (TES) on efficiency of an A-CAES 
system. The impact of air temperature and pressure on the amount of heat that can be utilized 
in the thermal energy storage was also evaluated. It was shown that, if the power efficiency is 
kept constant, changes to the air temperature in the storage chamber does not affect the heat 
utilization in the TES. Moreover, both power and thermal efficiency of the A-CAES system 
can be simultaneously improved by selecting an appropriate minimum and maximum pressure 
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in the storage vessel. Luo at al. [78] developed a mathematical model to study strategies for 
improving the efficiency of a low-temperature A-CAES system. In this research, key 
parameters were identified, and a parametric analysis was conducted to find the performance 
of different components in the system. Also, some recommendations were made to achieve an 
optimal system configuration. Tong et al. [79] developed an optimization strategy to improve 
the output power of a low-temperature A-CAES system integrated with a wind turbine. The 
simulation results revealed that the rate of wind power utilization can reach up to 95% under 
ideal operating conditions. Also, the required energy storage capacity is minimized, which 
reduces the geographical constraint. Most recently, Guo et al. [80] conducted an exergy 
analysis to model the dynamic operational behaviour of a CAES system with low-temperature 
thermal storage. In this paper, the distribution of exergy destruction in the main components of 
the system was obtained and analysed. It was also found that more than 28% of the stored 
energy is destroyed when generating power. 
Barbour at al. [81] carried out a detailed thermodynamic and exergy analysis of an A-
CAES system employing packed bed regenerators for storing the heat of compression. It was 
figured out that efficiency of the proposed system can reach up to 70 % which is considerably 
higher than previous A-CAES systems operating with indirect-contact heat exchangers. 
Moreover, it was noticed that exergy loss in packed beds is much less than the calculated exergy 
losses in compressors and expanders. Ortega-Fernández et al. [82] developed a thermo-fluid 
dynamics model to detail the performance of an A-CAES plant integrated with a direct-contact 
packed bed TES filled with gravel. In this research work, a Computational Fluid Dynamics 
(CFD) model was developed to formulate the proposed TES and study the its performance 
under various operating conditions. Also, the TES efficiency was detailed in cyclic 
charge/discharge scenarios. Also, He at al. [83] proposed a dynamic modelling framework to 
simulate the operational behaviour of two A-CAES systems associated with two different 
packed bed TES. One TES was filled with encapsulated phase change material (PCM) and the 
other TES was filled with rock. The dynamic simulation elucidated that the cycle efficiency of 
the TES filled with PCM is 56.5%, which is higher compared to the rock-filled TES which has 
the cycle efficiency of 53.2%.    
Najjar and Jubeh [84] studied a proposed compressed-air storage with humidifica t ion 
(CASH) system through a thermodynamic analysis and compared its generated power and 
primary energy efficiency with a CAES system. This study showed that CASH system can 
present an improvement of 14% in the power generation and 9% in the energy efficiency, 
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compared to the CAES system. Yang et al. [85] proposed a novel hybrid thermal compressed 
air energy storage (HTCAES) coordinated with a wind turbine to reduce the wasted wind power 
and improve the power output. In their proposed system, the TES, in addition to the heat of 
compression, absorbs the thermal energy converted from excess wind power using some 
electrical heaters. A thermodynamic analysis was performed to compare performance of the 
proposed HTCAES system with an AA-CAES system. The obtained results showed that output 
power generation of the proposed system is improved for 19-125%. In another research, Zhao 
et al. [86] introduced a hybrid energy storage system which consists of A-CAES and flywhee l 
energy storage systems for wind power applications. A parametric study was carried out and 
the influence of key parameters on performance of the system was examined. Castaing et al. 
[87] presented a dynamic model of photovoltaic (PV) panels coupled with a CAES system 
(CAES-PV) to store the excess energy of solar radiation. A load profile of a real building was 
considered in this analysis to estimate the power production of the CAES-PV system. The 
obtained results from the dynamic model revealed that the system performance mainly depends 
on the pressure range, area of PV panels and volume of the storage tank.  
In order to improve the energy utilization efficiency in a CAES system, some novel 
methods have been proposed to recover thermal energy from the discharged air from the 
expander. Kim and Favrat [88] performed energy and exergy analyses of a single-stage CAES 
system by taking into account innovative ideas of using the dissipated heat of compression for 
heating load and utilizing compressed air for both power generation and cooling load. The 
obtained results revealed that quasi-isothermal compression and expansion concepts result in 
the best exergy efficiencies. Liu and Wang [89] proposed a novel tri-generation system (heat 
energy, mechanical energy and cooling power). In this system, the low-temperature discharged 
air of the pneumatic motor is reused completely as the cooling power. As a result, total energy 
efficiency of the proposed CAES system is improved by 20-30%. Yao et al. [90, 91] examined 
a novel combined cooling, heating and power system (CCHP) in which an A-CAES system is 
combined with a gas engine, heat exchangers and an absorption refrigeration system. An 
evolutionary multi-objective algorithm was applied to perform an economic, thermodynamic 
and exergy analyses. The results showed that the exergy efficiency of around 51% is the most 
practical point for small-scale CAES systems [90]. The overall exergy efficiency of 53.04% 
and a total product unit cost of 20.54 cent/kWh were reported for the best trade-off design of a 
large-scale A-CAES system [91]. Mohammadi et al. [92] presented energy and exergy analyses 
of the integration of a wind turbine, CAES system and CCHP cycle, which includes a gas 
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turbine and an absorption refrigeration system. In design conditions, this integration was able 
to produce the electricity and cooling power of 33.67 kW and 2.56 kW, respectively, and the 
hot water of 1.82 ton per day. Also, the round-trip efficiency of the proposed system was found 
53.94%. The performance of a CCHP system based on advanced A-CAES (AA-CAES) was 
investigated for different operation scenarios of compressor-expander [93] and only expander 
[94]. A parametric study through the energy and exergy analyses was conducted to find out the 
most efficient scenario for the system. The obtained results revealed that, among different 
operation cases of compressor-expander, the system operating with the sliding-sliding scenario 
has the highest cycle, thermal and exergy efficiencies [93]. On the other side, the system 
presents the highest efficiencies when the expander operates in a constant-sliding mode [94].      
A lot of efforts have been put during the last years to improve the performance of the A-
CAES system specifically by optimising the system configuration. Wolf [28] demonstrated that 
the most efficient compression configuration is a three-stage layout with a 
compression/expansion power ratio of 70/40. Grazzini and Milazzo [60] performed a 
thermodynamic study to investigate various configurations of an A-CAES system using a 
thermal recuperation. The optimum system configuration and storage volume were reported. 
They also conducted a thermodynamic analysis of a multistage A-CAES system with an 
artificial reservoir [61]. Based on this analysis, a set of criteria was proposed for the design of 
the system with particular attention to heat exchangers. Hartmann et al. [95] employed an 
energy balance to analyze efficiency of different A-CAES configurations including one-stage 
polytropic, two-stage polytropic, three-stage polytropic and isentropic CAES. A simula t ion 
study showed that the cycle efficiency is about 60% for a two-stage polytrophic configura t ion 
and 70 % for an ideal isentropic configuration, respectively.   
Wang et al. [96] presented an experimental investigation of a CAES-TES in which water 
is used as the TES working medium. In this experimental work, an electric energy of 1375 
kWh was consumed by a compressor to raise the tank storage pressure from 3.36 MPa to 9.34 
MPa. When the air was discharged, the tank storage pressure decreased from 8.65 MPa to 3.05 
MPa and the electric energy of 326 kWh was generated which was 22.7% less than the design 
electric generation. The performed analysis showed that the system round trip energy efficiency 
is 22.6%. Geissbühler et al. [97] performed an experimental and numerical study of the first 
pilot-scale plant of an advanced adiabatic CAES (AA-CAES) system comprised of a storage 
cavern, compressor unit as well as a sensible-only TES with a capacity of 12 MWhth. The plant 
performance and TES efficiency were studied under different charging/discharging flow rates. 
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The TES energy efficiency was found between 77% to 91% and its exergy efficiency ranged 
between 72% and 89%. Also, the plant efficiency was estimated between 63% to 74%, 
assuming the isentropic efficiency for the compressor and turbine as well as airtight cavern. 
The operational behaviour of this AA-CAES pilot-scale plant was also investigated when it 
was combined, in this case, with a sensible/latent TES [98].  Maximum storage capacities of 
sensible and latent units in the TES were 11.6 MWhth and 171.5 kWhth, respectively. The effect 
of the combined TES on performance of the AA-CAES system was analysed in four 
charging/discharging cycles each of which had a duration of 3 hours. It was shown that using 
the latent unit in the TES decreases the air temperature drop when the air flows out of the 
cavern in discharging. Also, it was noticed that the efficiency of the latent unit degraded with 
each cycle. 
The main findings of the above researches are summarised in table 2.3. 
Table 2.3 Main findings of various analyses aimed at improving the A-CAES efficiency 
Paper Summary Main Obtained Result 
Steady Analysis of a low-temperature A-CAES Cycle efficiency of 52-60% [44] 
Thermo-economic analysis of a hybrid wind   
turbine-CAES plant 
Reduction in operational cost by 20-25% [63] 
Analysis of a large scale AA-CAES system Cycle efficiency of 50% and higher [64] and, in 
particular, minimum efficiency of 70% for one-
stage compression/expansion [99] 
Thermodynamic analysis of a combined air and 
hydro energy storage (CAHES) 
Exergy efficiency of 50% and charging 
electricity ratio of 80% for the proposed system 
[70] 
Exergoeconomic optimization of an isobaric 
adiabatic CAES system 
2.7% improvement in the system efficiency and 
2.8% reduction in the consumed electricity cost 
[73] 
Analysis of a constant-pressure CAES integrated 
with water heater and a LiBr absorption chiller 
11% and 6.2% improvements in energy and 
exergy efficiencies, respectively [74] 
Analysis of a CAES combined with Thermal 
Storage (CAES-TS) 
Improvement in energy efficiency from 48% to 
86% and exergy efficiency from 50.1% to 55.8% 
[76] 
Analysis of A-CAES system with packed bed 
TES 
Cycle efficiencies of 70% for packed bed 
regenerators [81] as well as 56.5% and 53.2% for 
TES filled with PCM and rock, respectively [83] 
Analysis of a CAES with humidification (CASH) 14% improvement in the power generation and 
9% improvement in the energy efficiency [84] 
Analysis of a hybrid thermal CAES coupled with 
a wind turbine (HTCAES) 
Increase of 19-125% in the output power 
generation [85] 
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Analysis of a tri-generation CAES system 20-30% improvement in the total energy 
efficiency [89] 
Analysis of a combined cooling, heating and 
power system (CCHP) based on A-CAES 
Exergy efficiencies of around 51% and 53.4% for 
small scale and large scale A-CAES, respectively 
[90, 91] and round trip efficiency of 53.94% for 
a CAES integrated with wind turbine [92] 
Analysis of efficiency of different A-CAES 
configurations  
Energy efficiency of 52-62% for two-stage 
adiabatic CAES system [95] 
Experimental analysis of a CAES system Round trip energy efficiency of 22.6% for a low-
temperature CAES-TES [96] and an estimated 
efficiency of 63% to 74% for an AA-CAES 
system [97] 
 
2.4 Development of New Generations of Isothermal CAES 
In an adiabatic compressor, a noticeable portion of the input electrical work is converted 
to the air thermal energy. In a D-CAES system, the resulting thermal energy is lost to the 
ambient when the air passes through a heat exchanger. In an A-CAES system, this thermal 
energy is finally wasted to surroundings if it is kept in storage over long periods. The higher 
the pressure ratio, the greater the thermal loss. For instance, 500 MJ/m3 of the thermal energy 
is wasted if an adiabatic compressor operating with the pressure ratio of 256 is employed in an 
A-CAES system [64]. This energy loss reduces not only the compressor/expander efficiency, 
but also efficiency of the CAES system. Figure 2.4 depicts adiabatic air compression from 
points 1 to 2 and adiabatic expansion from points 3 to 4. Also, the process 2 to 3 shows the 
heat dissipation while the air is stored over long periods in the storage volume or TES. This 
figure also shows the isothermal air compression and expansion processes in a CAES cycle. 
As it is shown, these processes are less energy consumptive and more power generative 
compared to those of the adiabatic air compressor and expander. Since no input work is 
converted to the air thermal energy in an ideal isothermal air compression, the energy loss is 
zero. Thus, if an appropriate heat transfer is provided between air and a thermal sink while the 
air is compressed or expanded, efficiency of the compressor/expander, and also efficiency of 
the CAES system is improved compared to CAES systems employing adiabatic compressors 
and expanders.  
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Figure 2.4 Air pressure-volume profile for two scenarios of adiabatic (red line) and 
isothermal (blue line) compression/ expansion [100] 
Over the past years, many studies have been performed to investigate new methods to 
minimise thermal energy loss in CAES systems. Recently, the idea of achieving isothermal 
CAES (I-CAES) cycles via using advanced design of compressors and expanders was 
developed by several companies such as General Compression, Sustain X, and Light Sail 
Energy [101-103].  
In an isothermal compression/expansion process, heat transfer is employed between the 
air and high density fluid, such as water, in the compressor/expander to allow the air to be 
compressed/expanded without noticeable temperature change. By removing thermal exergy 
from the air during compression and keeping the temperature almost unchanged, the input 
electrical power to the compressor is minimised [104]. During discharging, the same amount 
of heat energy has to be continuously supplied to the expander to make the air temperature 
constant and close to the ambient. Kim et al. [31] showed that in a quasi-isothermal CAES 
system, the exergy loss during air compression/expansion is minimised and the system 
efficiency can improve up to 70%-80%. If the input compressor work is completely recovered 
when generating the power, an ideal cycle efficiency of 100 % can be achieved. The quasi-
isothermal CAES requires no fuel to operate. Also, the thermal stress exerted on its components 
is not noticeable due to limited temperature change when it operates.  
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Different methods have been introduced so far to enhance the heat transfer in CAES 
systems; such as using liquid droplets, liquid piston air compressors/expanders, porous inserts, 
and hollow spheres. Isothermal Ocean CAES (OCAES) is another type of CAES systems in 
which the air temperature remains almost unchanged during air compression/expansion. 
2.4.1 Droplet Based I-CAES  
Spray cooling with liquid droplets has been introduced as an effective method to establish 
near-isothermal, high efficient CAES systems [105]. This method increases the heat transfer 
rate. It’s effectiveness is improved if the heat transfer surface area increases by using large 
number of droplets in small size [106-108]. A sample of a CAES system in which liquid 
droplets are utilised to control the air temperature changes is shown in figure 2.5. The operating 
process of this system is as the following: firstly the liquid (water or oil) is injected into the 
chamber during air compression; secondly the liquid is separated from the gas and is collected 
in a TES for later use; and thirdly the warm liquid is re-injected into the air while its expansion. 
By applying this method, integrating off-shore wind turbines with CAES systems is more 
practical since an abundant source of water is available as the water spray. Qin [11] showed 
that the compression efficiency (which is defined as the ratio of stored energy in an isothermal 
air compression to the total real input work) can be improved from 71% for the adiabatic air 
compression to 98% if the small liquid droplets in size are directly injected into the air with 
high mass loading.     
 
Figure 2.5 Schematic figure of a droplet-based Isothermal CAES (I-CAES) system to 
produce 1.0 kWh output power [50] 
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Droplet-based I-CAES systems which are currently in approach use up to a three-stage 
reversible compression/expansion unit. Each stage can produce up to a 1:30 pressure ratio and 
tolerate maximum pressure of 400 bar [109]. Qin and Loth [105, 110] carried out unsteady one 
dimensional and two-dimensional simulations to investigate the heat transfer between water 
droplets and air in a compression chamber. It was shown that has the chamber has the best 
performance for air compression when small water droplets are directly injected into the air 
with high mass loadings. Qin et al. [100, 110] theoretically investigated direct injection of water 
into a CAES system operating with a three-stage compression to augment the heat transfer 
while compressing the air. Results showed that a multi-zone configuration is required to 
achieve a good compression efficiency at both first- and second-stage compression cycles. 
Mohan et al. [111] conducted analytical simulations on a cylinder piston system in which the 
piston is used to compress the air inside the cylinder whilst water droplets are injected into the 
air. It was concluded that wet compression processes can reduce work consumption of the 
compressor and increase the output power generated by the gas turbine. Zhang et al. [112] used 
the numerical modelling of a reciprocating adiabatic expander to propose a quasi-isothermal 
expander in which water droplets are injected into the expansion cylinder. Numerica l 
simulations showed that in the proposed quasi-isothermal expander, the output work is 
improved by 15.7% and the cylinder height decreases by 8.7% compared to the adiabatic 
expander.  
2.4.2 Liquid Piston Air Compressor/Expander  
To reduce the thermal energy loss during gas compression/expansion processes, the 
concept of liquid piston air compressor/expander was proposed by Van de Ven and Li [113]. 
Figure 2.6 shows the operational process of a liquid piston compressor/expander. In a liquid 
piston, a water column is used to directly compress the gas in a vertically-oriented chamber 
with a fixed volume. As a result of the heat transferred between the gas and liquid, gas 
compression and expansion is quasi-isothermal. The proposed liquid piston can be integrated 
into off-shore wind turbines to use the abundant source of water as the heat sink. The liquid 
piston compressor/expander has some important advantages. Firstly, the use of liquid column 
minimizes the air leakage. Secondly, when using the liquid piston to compress the gas, water 
sprays are more practical to reduce the gas temperature since they can simply fall into the water 
interface. Thirdly, the ratio of surface area to volume, and therefore heat transfer, can be 
maximized since the liquid can conform to any irregular shape of the chamber. The heat transfer 
can be further augmented if porous inserts or a number of longitudinal tubes are placed within 
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the compression region and above the solid piston. Fourthly, the interface between air and fluid 
can be formed into any irregular shapes. Thus, the top region of the chamber can be a tapered 
cone, rather than cylinder, to minimise the dead volume and increase the pressure ratio and 
system efficiency. 
 
Figure 2.6 Schematic a liquid piston compressor/expander  
In a CAES system with closed storage chamber, a chamber with fixed volume is used to 
store the energy. As a result, variations of the air pressure and temperature in the chamber are 
dramatic during the system operation. Also, since the operational pressure during 
charging/discharging has to be maintained in a particular range, the quantity of usable energy 
out of the total energy storage decreases. Moreover, it is difficult to couple CAES systems with 
off-shore wind turbines mainly because that: firstly there is not any practical underground off-
shore cavern and secondly it is very expensive to operate a gas turbine in off-shore areas. 
Therefore, it is necessary to modify the design of CAES systems to make them practical in off-
shore areas. As a modification, Li et al. [114] proposed the new concept of liquid piston 
compressor/expander combined with an open accumulator.     
A simple illustration of the combined liquid piston-open accumulator associated with a 
CAES system is shown in figure 2.7. In this figure, the air compressor/expander operates as a 
liquid piston compression/expansion chamber. Primarily, the open accumulator is filled with 
water to be used for changing the air volume. When storing energy, the air enters the open 
accumulator from the compressor/expander pushing out the water in a constant pressure. The 
hydraulic power of the removed water is used to drive a hydraulic motor connected to the air 
Chapter 2: State of the Art of Compressed Air Energy Storage System   29 
 
 
 
compressor. When discharging, the whole process is reversed in which the liquid enters the 
open accumulator removing the air. By controlling the pneumatic and hydraulic flows, the 
pressure is regulated resulting in increase in the storage power density and making the air 
pressure independent of the amount of stored energy. Also, using air and liquid independently 
in this concept brings about the reduction in the building and maintenance cost of the energy 
storage system. This concept has some other specific advantages such as reduction of the air 
volume size, mitigation of the air temperature variations during compression/expansion, and 
improvement of the power production capability by operating in a constant pressure [114].  
 
 
Figure 2.7 Schematic figure of combined liquid piston-open accumulator associated with a 
CAES system [115] 
Li et al. [115] proposed an efficient liquid piston CAES system comprising an open 
accumulator to be integrated with off-shore wind turbines. In this system, the sea water was 
employed as a heat source/sink to minimise the air temperature variations during the air 
compression and expansion and improve the system efficiency. Saadat and Li [116] developed 
a dynamic model to analyse a novel CAES system in which energy is stored in dual liquid 
piston-open accumulator chamber. This energy storage system can be coupled with off-shore 
wind turbines. Also, simple controllers were designed to optimise the required output power, 
control the system pressure and capture as maximum wind power as possible. Saadat et al. 
[117] carried out a numerical approach to find the Pareto optimal trajectories for the air 
compression in a liquid piston air compressor/expander when the air compression ratio is 10. 
By comparing the obtained results with other methods, the authors realised that Pareto optimal 
profiles result in 10%-40% improvement in the power density. Zhang et al. [118] performed a 
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numerical analysis to model the heat transfer in a long, thin tube inserted in a liquid piston 
compressor/expander during the air compression. This tube is a representative of a honeycomb 
geometry. The performed CFD analysis resulted in introducing a dimensionless heat flow rate 
which is inverse of Stanton number. Using this correlation, the heat transfer rate between air 
and its surroundings can be well predicted.   
Inserting the porous media inside the liquid piston compressor/expander has been 
considered as an effective way to augment the heat transfer and therefore improve the system 
efficiency. Yan et al. [119] carried out a comprehensive experimental study to investigate the 
effect of porous inserts on the heat transfer mechanism in a liquid piston compressor/expander 
at low-level pressures (10 bar). They analysed three types of interrupted ABS inserts and two 
types of aluminium inserts and then compared the obtained results with a baseline case with no 
inserts. It was shown that inserting the porous media in the liquid piston improves the heat 
transfer during both air compression and expansion and hence improves the trade-off between 
efficiency and power density. Using porous inserts in air compression increases the power 
density approximately 39 times at an efficiency of 95 % and improves the efficiency by 18% 
when the power density remains constant at 100 kW/m3. Wieberdink et al. [120] studied the 
effectiveness of porous media on performance of the liquid piston compressor/expander at high 
pressure values between 7 to 210 bar. This pressure range is typical for isothermal CAES 
systems. It was found out that at an efficiency of 93 %, the uniformly distributed porous inserts 
can enhance the power density by 10 and 20 times when compression and expansion, 
respectively. This porous media can also improve the efficiency by 13 % during air 
compression and 23 % during air expansion. Zhang et al. [121] performed some computationa l 
simulations to study the effects of porous media on the air thermal behaviour inside a liquid 
piston compressor/expander. Two types of porous inserts were analysed which were open-cell 
metal foams and interrupted plates. The obtained results showed that porous media can 
effectively suppress the air temperature rise whilst compression. In another paper, Zhang et al. 
[122] analysed the effect of interrupted-plate heat exchangers, modelled as a porous media, on 
a liquid piston associated with a CAES system. To well establish the optimum configurat ion, 
27 heat exchangers of different shapes were modelled using the commercial ANSYS FLUENT. 
The findings were compared with an experimental study and a satisfying agreement between 
them was found.  
Ramakrishnan et al. [123] presented a novel model both computationally and 
experimentally to analyse the effect of hollow spheres on preventing the temperature rise in a 
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liquid piston air compressor. The spheres were made of different materials of Silicon Carbide 
(SiC), Polypropylene (PP) and High Density Polyethylene (HDPE) and floated on the water 
surface of the liquid piston. This analysis showed that the hollow solid surface can increase the 
heat transfer between air and water and decrease the polytropic index of air compression. It 
was also revealed that the heat transfer augmentation by spheres is independence of the sphere 
material but depends on the pressure ratio of the air compression and its speed. Table 2.4 
summarises the effectiveness of SiC spheres on increase of the heat transfer and reduction of 
the peak air temperature [123]. 
Table 2.4 Effect of SiC spheres on improvement of heat transfer in a liquid piston air 
compressor [123] 
Compression 
Pressure Ratio 
Polytropic Index Peak Temperature 
Drop (K)  Without SiC Spheres With SiC Spheres 
2 1.15 1.08 13 
5 (slow) 1.09 1.07 7 
5 (fast) 1.17 1.09 32 
  
2.4.3 Ocean CAES  
In an Ocean CAES (OCAES) system, hydrostatic pressure in the ocean is used to keep 
compressed air in the storage vessel, positioned at a fixed ocean depth, at constant high 
pressure. Operating at constant pressure, an OCAES system has the potential to achieve higher 
efficiencies compared to constant-volume CAES systems in which the pressure gradient is too 
large while the system operates [88, 104]. There are various configurations of OCAES systems 
based on how the heat of compression is handled in the system which are named diabatic, 
adiabatic and isothermal. Figure 2.8 shows the schematic of these configurations. In the 
diabatic OCAES, the heat of compression is wasted to surroundings when the compressed air 
is cooled down. This wasted heat must be compensated before the expansion by burning a fossil 
fuel or any other external heat resource. In an adiabatic OCAES, the air thermal exergy is 
absorbed by a reliable TES at the compression outlet. During the power generation mode, the 
stored thermal exergy is used to pre-heat the air before the expander. In order to achieve the 
near-isothermal OCAES system, the concept of liquid piston compressor/expander is used. 
Figure 2.8(c) shows a typical isothermal OCAES system based on the liquid piston concept. 
Main components of this system are hydraulic pump/motor, electric motor/genera tor, 
compressed air storage, connecting lines, control valves, air cooler/heater and liquid piston 
compressor/expander. In an isothermal OCAES, the hydraulic pump is used to flow a column 
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of liquid into the liquid piston (right). As a result, the air is compressed and then transferred to 
an underwater air storage chamber. During the power generation mode, the air is sent back to 
the liquid piston pushing the liquid out of it. The liquid then flows into the hydraulic motor 
which is mechanically coupled with the power generator.              
 
(a) Diabatic OCAES 
 
 
(b) Adiabatic OCAES 
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(c) Isothermal OCAES 
Figure 2.8 Various configurations of the OCAES: (a) Diabatic OCAES (b) Adiabatic OCAES 
(c) Isothermal OCAES [124] 
Lim et al. [104] proposed a conceptual design of ocean compressed air energy storage 
system. This system was further analysed and optimized by Park et al. [125]. He established 
the primary working principle of isothermal OCAES systems which is based on using a water 
piston to compress the air. This process improves the heat transfer rate and minimizes the 
temperature variation of the air on compression side of the cycle. Also, two possible designs 
for the air chamber of an OCAES have been introduced in [126, 127]. The first approach which 
is outlined in “Ocean Energy On demand Using Under ocean Compressed Air Storage” [126], 
would be capable of generating 1 GWhr of electricity and the second one outlined in “Undersea 
Pumped Storage for Load Levelling” [127], would have the capacity of 230 MW for 10 hours 
per day.  
Patil and Ro [124] evaluated different types of the OCAES system including diabatic, 
adiabatic and isothermal through an exergy and energy analysis. In this analysis, an OCAES 
system with a maximum power of 0.5 MW and energy storage of 2 MWh was evaluated when 
the system was located at the depth of 100 m providing the constant pressure of 10 bar. With 
an uncertainty of 3-4% in the exergy efficiency, the highest overall exergy efficiency of 70 % 
for the Isothermal OCAES and the lowest overall exergy efficiency of 55% for the Diabatic 
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OCAES were calculated, as it is shown in figure 2.9. Patil and Ro [128] carried out an exergy 
analysis to investigate exergy flow and exergy efficiency of different configurations of the 
OCAES system. The analysis showed that the isothermal OCAES has significantly higher 
efficiency over the other types.  Patil et al. [129] conducted a numerical simulation to figure 
out how increasing the rate of heat transfer in a liquid piston can improve the end-to-end 
efficiency of an OCAES system. Different techniques appropriate to enhance the heat transfer 
were studied. The obtained results revealed that optimal trajectories and hollow spheres 
improve the OCAES efficiency by 5% and 9%, respectively. Also based on this research, spray 
cooling and porous media increase the system efficiency by 17%. Patil et al. [130] presented 
analytical and numerical models to observe effects of the polytropic index and pressure ratio 
in a liquid piston air compressor/expander on the end-to-end efficiency of an OCAES. It was 
found out that decreasing the polytropic index from 1.4 to 1 can significantly improve the 
OCAES system efficiency from 24% to 72%. It was also realised that decreasing the pressure 
ratio can increase the air compression/expansion efficiency. Moreover, it was found out that 
the experimental polytropic index of 1.14 at the pressure ratio of 10 leads to the system 
efficiency of 45%.  Sheng et al. [131] studied a hybrid system of Marine Current Turbine 
(MCT) farm- OCAES to fulfil the main power supply of a stand-alone island using the tidal 
marine resource. In this research, each part of the proposed hybrid system was modelled and 
then the system was analysed under different test scenarios. It was shown that the cycle 
efficiency of the simplified OCAES is 60.6%. Also, the results confirmed that the proposed 
hybrid system can operate effectively and continuously even in extreme load cases. 
 
Figure 2.9 Comparison between overall exergy efficiencies of different types of OCAES 
system [124] 
The summary of different methods applied to improve the performance of CAES system 
by increasing the heat transfer during air compression/expansion is presented in table 2.5.  
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Table 2.5 A summary of various methods applied to increase the heat transfer  
Method to increase the heat transfer Effect 
Injecting small liquid droplets in high mass flow 
rate into the air while compression 
Improvement of the compression efficiency up 
to 98% [11] 
Compressing the air based on Pareto optimal 
trajectories in a liquid piston  
Improvement of the power density for 10-40% 
[117] 
Inserting porous inserts in the liquid piston at 
low-level pressures  
Increase of the power density for 39 times and 
efficiency by 18% [119] 
Inserting porous inserts in the liquid piston at 
high-level pressures  
Increase of the power density for 20 times and 
efficiency by 23% [120] 
Using hollow spheres  Drop of the peak air temperature by 32 K [123] 
and  improvement of the OCAES end-to-end 
efficiency by 9% [129] 
Spray cooling and porous media in an OCAES Improvement of the end-to-end efficiency by 
17% [129] 
 
2.5 Economic Analysis of the CAES System 
There has been a large effort in the last years to optimise economic performance of the 
CAES system and reduce its operational cost. Succar et al. [38] presented a methodology to 
jointly optimise a wind turbine coupled with a CAES system. It was shown in this study that 
by optimising the integration of wind farm-CAES, the levelized cost of electricity (LCOE) 
substantially decreases by 3-8%. Also, the CAE storage capacity is improved, and greenhouse 
gas emission is reduced. Drury et al. [132] developed a CAES dispatched model to quantify 
the value of providing operating reserves in the US energy market. It was found that by 
providing operating reserves, the net annual revenue of a conventional CAES and adiabatic 
CAES system increases by $23 ± 10/kW-yr and $28 ± 13/kW-yr, respectively. Marano et al. 
[133] developed a mathematical model to analyse the thermo-economic behaviour of a hybrid 
CAE plant integrated with a photovoltaic plant and a wind farm. This model was coupled with 
a programming algorithm to optimise the plant and minimise its operational cost on a daily 
cycle. It was observed that integration of the CAES with a wind farm and photovoltaic can 
decrease the cost by 80% and emission of CO2 by 74%. Foley and Díaz Lobera [134] presented 
a SEM (Single Electricity Market) model to investigate the economic impacts of a CAES plant 
on the wholesale electricity market of Ireland. It was demonstrated that the CAES plant can 
improve the overall pool revenues and reduce the CO2 emission by 3%. Abbaspour et al. [135] 
developed a mixed integer non-linear programming (MINLP) formulation to maximise the 
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profit and minimise the operational cost of a power producer company coupled with the wind 
power and a CAES plant. The conducted analysis showed that integrating the company with 
the CAES system improves the profit for 43% and decreases the operational cost for 6.7% in 
the electricity market. Manchester and Swan [136] designed a combination of a wind energy 
convertor (WEC) and an isothermal CAES system. The performed simulations revealed that if 
the time of electricity selling to the grid is shifted to peak hours, gross revenue of the system 
increases by approximately 30% according to time-of-day (TOD) tariffs. Karellas and 
Tzouganatos [137] performed a comprehensive energy and exergy analysis to investigate two 
energy storage technologies of compressed air storage and compressed hydrogen storage. 
Different configurations of micro-CAES and hydro energy storage systems were examined 
using IPSEpro simulation software and HOMER energy software. In this research, capital cost 
of the CAES systems was evaluated, highlighted in table 2.6. 
Table 2.6 Capital cost of different components of the CAES system [137] 
System 
Component 
Compressors Turbines Generators Storage tank Wind Farm System 
Capital cost (€) 1,820,000 1,170,000 1,170,000 1,330,000 2,550,000 8,040,000 
 
Huang et al. [138] compared the economic potential for use of Adiabatic CAES and 
Diabatic CAES system using software ECLIPSE. For both systems, the nominal compression 
and power generation were assumed at 100 and 140 MWe, respectively. The obtained results 
showed that the A-CAES has an efficiency of 65.6% which was higher than D-CAES efficiency 
of 54.2%. However, the conducted economic analysis revealed that the breakeven electric ity 
selling price (BESP) of the D-CAES system is €91/MWh which was considerably lower than 
the that of the A-CAES at €144/MWh. Table 2.7 summarises the obtained results from the 
economic analysis of these two plants expressed in 2016 EUR.  
Table 2.7 Economic analysis of different parts of A-CAES and D-CAES plants 
 A-CAES D-CAES 
Compressors cost (k€) 20 343 20 343 
Expanders cost (k€) 31 080 44 840 
Thermal oil cost (k€) 7400 - 
Heat exchangers cost (k€) 7143 4056 
Thermal tanks cost (k€) 8228 - 
Compressed air cavern cost (k€) 21 600 21 600 
Owners cost (k€)  14 369 13 165 
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Total Capital Investment (TCI) (k€) 110 163 104 465 
Annual operation, maintenance and insurance investment (k€) 5508 5223 
Annual off‐peak electricity cost (k€) 19 477 19 477 
Annual natural gas cost (k€) - 10 337 
Break‐even electricity selling price (BESP), €/MWh 144 91 
 
Li et al. [139] proposed an A-CAES system integrated with a Kalina cycle to further 
utilise the thermal energy produced during air compression. A thermo-economic analysis was 
performed and showed that there is a trade-off between exergy efficiency and overall capital 
cost of the system. The optimal values for these two objectives were determined as 47.17% and 
1.455 k$kW-1. Hong and Chen [140] employed a multi-objective evolutionary algorithm 
through a thermo-economic analysis to optimise the A-CAES system and make it more 
economic. The obtained results demonstrated that after optimisation, the A-CAES profit is 
improved by 8.91% and its total investment cost is reduced by 4.55%.  Sadeghi and Askari 
[141] studied the techno-economic behaviour of a hybrid CAES system coupled with 
photovoltaic (PV) panels and molten carbonate fuel cell (MCFC) under different operational 
conditions. A sensitivity analysis was performed to study the levelized cost of electric ity 
(LCOE) of this hybrid system. The sensitivity analysis showed that the system LCOE is more 
affected by the PV and MCFC than the CAES. Meng et al. [142] employed characteristic curves 
of compressors and turbines to develop steady-state models for a CAES system associated with 
the wind power. An economic analysis was carried out based on the levelized cost of electric ity 
(LCOE). It was shown that the system LCOE is lower at a mode of variable shaft speed than 
constant shaft speed mode.  
2.6 Concluding Remarks  
Efficiency of conventional CAES systems is inherently low due to large amount of 
energy loss during the system operation. To improve the system performance, structure of the 
CAES system evolved and new CAES generations were introduced which includes Adiabatic 
CAES (A-CAES) and Isothermal CAES (I-CEAS). In this chapter, recent methods introduced 
in the literature to improve the efficiency of A-CAES and I-CAES systems were reviewed. 
These methods were summarised in Tables 2.2, 2.3, 2.4, and 2.5. It was also shown that based 
on the storage temperature, Adiabatic CAES systems are categorised into high-temperature, 
medium temperature and low-temperature systems. Among these categories, high-tempera ture 
A-CAES resulted in development of a new generation of CAES systems called Advanced 
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Adiabatic CAES (AA-CAES). It was also shown that an effective way to improve the 
performance of the CAES system is to increase the heat transfer whilst the air is being 
compressed or expanded. Some novel methods have been developed in the literature to 
augment this heat transfer; such as, using liquid droplets, liquid piston air 
compressors/expanders, inserting porous media inside the storage chamber, and hollow 
spheres. Moreover, Ocean CAES (OCAES) was reviewed in which the air temperature remains 
almost unchanged during air compression/expansion. 
The above literature review summarised recent publications which studied performance 
of the A-CAES and I-CAES systems under various configurations and operating conditions. 
However, many of the conducted researches are in steady state operational conditions. Also, 
an almost low efficiency has been reported in the literature for the A-CAES system. Therefore, 
there is the need for further research efforts to fulfil the gap in this area as the following: 
- A comprehensive thermodynamic model should be developed to study the dynamic 
operational behavior of an A-CAES system in which the air pressure and temperature 
are varied during actual cyclic operation of the system.   
- The possibility of employing the concepts of A-CAES system with other high-effic ient 
energy storage systems, such as Pumped Hydro (PH), should be analysed to develop a 
new energy storage system. A comprehensive mathematical model should be developed 
to investigate (i) the performance of this new system under different operating 
conditions; (ii) effect of key operating parameters on the system performance; and (iii) 
the design bottleneck of the system to achieve an efficient and reliable system 
performance.  
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Chapter 3: Thermodynamic Analysis of an Adiabatic Compressed 
Air Energy Storage System 
A-CAES systems with low-temperature thermal energy storage appear very promising. 
However, in actual cyclic operation of a low-temperature A-CAES system, air temperature and 
pressure vary with time. Variation of the air temperature and pressure considerably affects 
performance of the A-CAES system. In this chapter, a comprehensive thermodynamic model 
is developed to analyse the dynamic performance of a low-temperature A-CAES system using 
Huntorf plant cavern volume. This model is validated using experimenta l data. The developed 
model is further used to identify key parameters and investigate their effects on the system 
performance under various operational conditions. The system overall efficiency and heat 
recovery efficiency is also found for different configurations of the system.    
3.1 System Description  
Fig. 3.1 shows the general configuration of a low-temperature A-CAES system. This 
system consists of: a unit of multistage compressors cooperated with compression intercooling 
heat exchangers (HEXs); an air storage cavern; a unit of multistage expanders cooperated with 
expansion reheating heat exchangers; hot/cold thermal energy storage (TES) reservoirs 
connected with compression/expansion heat exchangers; pumps to circulate water as the 
working medium in the TES and HEXs, and to maintain water pressure high enough to avoid 
water vaporization; mixers to mix the outgoing flows of heat exchangers before entering the 
hot and cold TES reservoirs; splitters to split one stream into two or multi streams; and control 
and power systems to control the operation of the whole system.  
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Figure 3.1 Configuration of the propsoed A-CAES system 
In the A-CAES system, atmospheric air is compressed by the multi-stage compressors 
from atmospheric pressure to the cavern storage pressure using inexpensive off-peak electric ity 
or excess energy from renewable energy sources, such as wind or solar. Cold water from the 
cold TES system is used to absorb heat during compression in the intercooling heat exchangers, 
and is then stored in the hot TES system. When power is in demand, the stored air flows out of 
the cavern and is reheated by the hot water from the hot TES system. The compressed air is 
then expanded in gas turbines to generate electricity. During the air expansion process, the 
temperature and pressure of air from the air storage cavern decrease. This change affects the 
performance of the gas turbines and hence the overall system efficiency.  
3.2 Mathematical Model  
The following assumptions were made to develop the mathematical model: 
- The air behaves as an ideal gas. 
- The kinetic and potential energies as well as pressure and heat transfer losses in the 
connection pipes are negligible. 
3.2.1 Compressor 
Multi-stage compressors are used to increase air pressure from atmospheric to the cavern 
storage pressure. The compression process is assumed to be steady state when an equal air mass 
flow rate flows through all compressors. An isentropic efficiency term is introduced to account 
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for the irreversibility in the actual compression process. The compressor isentropic efficiency 
( )c  is defined by: 
,out s in
c
out in
h h
h h

−
=
−
    (3.1) 
where h in and hout represent the actual air specific enthalpy at the compressor inlet and outlet, 
respectively. Hout,s stands for the air specific enthalpy at the compressor outlet under an 
isentropic process.  
The actual power consumption of an i-stage compressor,  i
cW is calculated by 
,
i
c si
c
c
W
W

=   (3.2)  
where ,
i
c sW is the isentropic power consumption of the i stage compressor and is calculated by  
( ) ( )
1
, , 1
1
k
i
k
c s c out s in c in c
k
W m h h m RT r
k
−  
= − = −  −   
  (3.3) 
where , , ,and cm k R T  are the compressor mass flow rate, specific heat ratio, gas constant, and 
air temperature, respectively. Rc is the pressure ratio of the i-stage compressor. To minimize 
the total compression power, the pressure ratios are evenly distributed among the mult i-stage 
air compression processes and hence rc is calculated by 
1
max
0
cN
c
P
r
P
 
=  
 
   (3.4) 
where 
cN  is the total number of compressors in the A-CAES system. maxP  is the maximum 
operational cavern storage pressure, and 
0P  is atmospheric pressure. 
The total actual power consumption by all compressors ( )cW is calculated by 
1
cN
i
c c
i
W W
=
=     (3.5) 
By considering equation (3.1), if the air specific heat at constant pressure is assumed 
constant, the air temperature at the compressor outlet is obtained by: 
Chapter 3: Thermodynamic Analysis of an Adiabatic Compressed Air Energy Storage System   43 
 
 
 
( ) ( )
1
, ,
1
,   
k
k
out out s in in out s in c
c
T T T T T T r

−
= − + =     (3.6) 
3.2.2 Air storage cavern 
Whilst modelling the air storage cavern, it is assumed that no air leakage occurs through 
the cavern wall. The inner wall of the storage cavern is chosen as the control volume boundary, 
and the mass and energy balance equations are as follow: 
in out
dm
m m
dt
= −       (3.7)   
( )
( )
in in out out wall
d mu
m h m h UA T T
dt
= − − −   (3.8) 
where t  is time, m  is the air mass in the cavern, ,in inm h  are the incoming air mass flow rate 
and its specific enthalpy, respectively; and ,out outm h  are the outgoing air mass flow rate and its 
specific enthalpy, respectively. Moreover, U is the heat transfer coefficient between the cavern 
wall and air, A  is the heat transfer area between the cavern wall and air, T  is the air temperature 
in the cavern; and 
wallT  is the cavern wall temperature.        
The state equation of ideal gas is also written as follows: 
dP dV dT dm
P V T m
+ = +   (3.9) 
where ,V P  are the cavern volume and air pressure, respectively. Using equations (3.7)-(3.9), 
time-dependent variations of air temperature and pressure in the cavern are derived as below: 
( )
1
1
p p
in in out in wall
v v v
C CdT UA V
m T m m T T T
dt m C C V mC
   
= + − − − −    
   
  (3.10) 
( ) ( )p in in out wall
v v
CdP R UA R
m T m T T T
dt V C V C
= − − −     (3.11) 
where ,p vC C  represent the air specific heat at constant pressure and constant volume, 
respectively. Since the heat transfer coefficient and the heat transfer area are difficult to 
determine, in this simulation, an effective heat transfer coefficient is used to determine the heat 
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transfer between the cavern wall and the air inside the cavern. This coefficient is defined as 
follows and is applicable for caverns as large as the Huntorf Plant cavern [143]: 
eff
UA
U
V
=     (3.12) 
Based on data obtained from the Huntorf plant test-trials, the effective heat transfer 
coefficient is roughly approximated as: 
0.8
eff in outU a b m m= + −    (3.13) 
where 0.2356,  b=0.0149a = .  
If the air is stored in small storage tanks, the following equation introduced by Zhang et 
al. [144] is used to estimate the heat transfer coefficient U  in equations (3.10) and (11): 
0 0( ) in outU U P P m m = + − + −   (3.14) 
where 
0U  is the heat transfer coefficient when 0P P=  and 1.154 = . Also, the values of 
coefficient   during compression and expansion are 3800 and 5000, respectively. It is worth 
mentioning that in this equation, the pressure unit is bar.  
Also, heat transfer between the cavern and its surroundings is calculated by: 
( )wallQ UA T T= −   (3.15) 
Using equations (3.10), (3.12) and (3.13), equation (3.15) is rewritten as follows:     
( )eff wallQ U V T T= −   (3.16) 
The stored exergy in the cavern( )( )t  at time t  is given as below:  
0 0 0
0 0
( ) ( ) ln lnv p
T P
t m C T T T C mT R
T P
 
 = − − + 
 
   (3.17) 
where, m  is the air mass, and
0 0,T P  are the atmospheric temperature and pressure, respectively. 
During charging mode, exergy is transferred to the cavern according to the incoming air mass 
flow rate. The exergy increase in the cavern 
c  is calculated by: 
int,( ) ( )c c ct t = −    (3.18) 
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where ( )c t  is the exergy of the cavern at time t  and int,c  is the initial exergy existing in the 
cavern at the beginning of the charging process. This term is obtained using the following 
relation: 
int int
int, int int 0 0 int 0
0 0
( ) ln lnc v p
T P
m C T T T C m T R
T P
 
 = − − + 
 
   (3.19) 
where 
int int,T P  are the initial temperature and pressure of the air in the cavern, and intm  is the 
initial air mass inside the cavern.  
The time-dependent compression exergy efficiency 
, ( )ex c t  is defined as below: 
,
( )
( )
( )
c
ex c
c
t
t
W t


=   (3.20) 
where ( )cW t is the input work applied to the unit of compressors up to time t , and is found 
according to the following relation: 
0
( ) ( )
t
c cW t W t dt=     (3.21) 
Similarly, for the expansion mode, exergy reduction in the cavern ( )e t  is calculated 
using the below equation: 
int,( ) ( )e e et t = −    (3.22) 
where int,e  is the cavern exergy at commencement of the expansion mode, which is also equal 
to the stored exergy in the cavern at the end of the compression mode. ( )e t  is the cavern 
exergy at time t . The time-dependent expansion exergy efficiency for the A-CAES system is 
defined as below: 
,
( )
( )
( )
e
ex e
e
W t
t
t
 =

    (3.23) 
where ( )eW t  is output work from the multi-stage expanders from the beginning of expansion 
up to time t . This parameter is calculated by: 
0
( ) ( )
t
e eW t W t dt=    (3.24) 
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where ( )eW t  is the rate of mechanical power generation by the expanders.  
3.2.3 Expander 
In the proposed A-CAES system, mechanical power is generated using a multi-stage air 
expansion unit. During the expansion process, as the air flows out of the cavern, the temperature 
and pressure decrease, which affects the performance of turbines and the mechanical power 
generation rate. To study the A-CAES system more realistically, time-dependent variations of 
air temperature and pressure should be considered. The time-dependent efficiency of an 
expander ( )e t  is defined as follows: 
,
( ) ( )
( )
( ) ( )
in out
e
in out s
h t h t
t
h t h t

−
=
−
  (3.25) 
By assuming the air specific heat at constant pressure ( )PC  to be constant, the expander 
efficiency can be re-written as: 
,
( ) ( )
( )
( ) ( )
in out
e
in out s
T t T t
t
T t T t

−
=
−
  (3.26) 
where the ideal outflow temperature , ( )out sT t  and actual outflow temperature ( )outT t  are 
calculated using the equations described below: 
1
,
( )
( ) ( )
( )
k
k
out
out s in
in
P t
T t T t
P t
−
 
=  
 
 (3.27) 
( )
1
1
e
( )
( ) ( ) ( ) ( ) , n=1.25
( )
n
nn
out n
out in in
in
P t
T t T t T t r t
P t
−
− 
= = 
 
  (3.28) 
In equation (3.28), n  is the polytropic constant which in this study is assumed to be 
1.25n = according to literature [89]. Also, ( )er t is the expansion pressure ratio defined as 
follows: 
1
0
e
,
( )
( )
eN
out cav
P
r t
P t
 
=   
 
   (3.29) 
where , ( )out cavP t  is the outflow air pressure from the cavern and eN  is the number of expanders 
in the A-CAES system.    
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The ideal work output of an i  stage expander , ( )
i
e sW t , the actual work output of an i  
stage expander ( )ieW t  and the total work output ( )eW t  are:   
( ) ( )
1
, e , e( ) ( ) ( ) ( ) 1 ( )
1
k
i
k
e s in out s in e
k
W t m h t h t m RT t r t
k
−  
= − = −  −   
  (3.30) 
e ,( ) ( ) ( )
i i
e e sW t t W t=   (3.31) 
1
( ) ( )
eN
i
e e
i
W t W t
=
=   (3.32) 
where 
em  is the air mass flow rate during the expansion process.  
3.2.4 Thermal Energy Storage and Heat Exchangers  
The mass balance for the two streams of water in the hot and cold TES reservoirs is: 
, ,in hot ch in cold dischm t m t=   (3.33) 
where , ,,in hot in coldm m  are the water mass flow rate to the hot and cold TES reservoirs, 
respectively, and ,ch discht t  are the charging and discharging times, respectively.  
To evaluate heat transfer in a heat exchanger, the heat exchanger effectiveness is defined 
by [145]: 
( )
( ) ( )
( )
( ) ( ), , , ,min min
p in out p out inhot cold
p in hot in cold p in hot in cold
mC T T mC T T
mC T T mC T T

− −
= =
− −
  (3.34) 
where subscripts ,in out  stand for the inlet and outlet of the heat exchanger, and ,hot cold  refer 
to the hot fluid and cold fluid. min( )pmC  is the minimum thermal capacity between the hot and 
cold streams and is calculated according to: 
min( ) min ( ) , ( )p p hot p coldmC mC mC =     (3.35) 
Assuming a counter flow design for the studied heat exchangers, the heat exchanger 
effectiveness is calculated by [61]: 
 
 
1 exp (1 )
1 exp (1 )
NTU
NTU

− − −
=
− − −
   (3.36) 
where, NTU  is the number of heat transfer units as calculated using the following relation: 
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( )
minp
NTU
mC

=   (3.37) 
where   is the unit overall heat transfer coefficient and   is the effective heat transfer area. 
X  is the ratio of minimum to maximum thermal capacity rates of the two flows as given below: 
( )
( )
min
max
p
p
mC
mC
 =   (3.38) 
If 
min max( ) ( )p pmC mC= , the effectiveness is simplified as:    
1
NTU
NTU
 =
+
   (3.39) 
Using this definition of the heat exchanger effectiveness, outflow air and water 
temperatures from the i  stage compression heat exchanger, 
, ,
, ,,
i c i c
air out water outT T can be found using 
the following relations:  
( )
( )
( ), , , ,min, , , ,
pi c i c i c i c
air out air in air in water in
p air
mC
T T T T
mC
= − −   (3.40) 
( )
( )
( ), , , ,min, , , ,
pi c i c i c i c
water out water in air in water in
p water
mC
T T T T
mC
= + −   (3.41) 
where
, ,
, ,,
i c i c
air in water inT T  are the inflow air and water temperature in the i  stage compression heat 
exchanger. The outflow air temperature from the i  stage heat exchanger 
,
,
i c
air outT  is equal to the 
inflow air temperature to the 1i+  stage compressor. Similarly, 
,
,
i c
air inT  is equal to the outflow air 
temperature from the 1i−  stage compressor. Also, the temperature of cold water flowing into 
the compression heat exchanger from the cold TES is kept at a temperature of 
0 293 T K= .  
By neglecting energy losses, the rate of heat transferred from air to water in an i  stage 
compression heat exchanger ,i cQ  is expressed as:  
( ) ( ) ( ) ( ), , , ,, , , , ,i c i c i c i ci c p air in air out p water out water inair waterQ mC T T mC T T= − = −   (3.42) 
The total heat transfer rate during air compression cQ  is calculated by: 
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,
1
cN
c i c
i
Q Q
=
=   (3.43)  
For the expansion process, the outflow air and water temperature from the i  stage 
expansion heat exchanger, 
, ,
, ,,
i e i e
air out water outT T can be obtained using the following equations:  
( )
( )
( ), , , ,min, , , ,( ) ( ) ( )i e i e i e i eair out air in water in air in
air
mC
T t T t T T t
mC
= + −    (3.44) 
( )
( )
( ), , , ,min, , , ,( ) ( )i e i e i e i ewater out water in water in air in
water
mC
T t T T T t
mC
= − −   (3.45) 
where 
, ,
, ,( ),
i e i e
air in water inT t T are the inflow air and water temperatures to an i  stage expansion heat 
exchanger, respectively. During expansion mode, the temperature of air flowing out of the 
cavern decreases with time. It should be noted that, at any time during the time-dependent 
simulation, if the value of 
,
, ( )
i e
air inT t is higher than 
,
,
i e
water inT , the particular i  stage expansion heat 
exchanger is bypassed and, consequently, the air flows directly to the expander.   
The heat transfer rate in an i  stage expansion heat exchanger ,i eQ  and the total heat 
transfer rate in the expansion heat exchangers 
eQ  are  
( ) ( ) ( ) ( ), , , ,, , , , ,i e i e i e i ei e p air out air in p water in water outair waterQ mC T T mC T T= − = −   (3.46) 
,
1
eN
e i e
i
Q Q
=
=  (3.47) 
3.2.5 Mixers, Splitters and Water Pumps   
Mixers are used to mix outgoing fluids from heat exchangers before they enter the hot 
and cold TES reservoirs. Assuming no energy losses in a mixer, the mass and energy balances 
are written as below:  
, , ,
1
nixN
mix in i mix out
i
m m
=
=   (3.48) 
, , , , , ,
1
nixN
mix in i mix in i mix out mix out
i
m h m h
=
=   (3.49) 
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where 
mixN  is the number of incoming anabranches to the mixer, , , , ,,mix in i mix in im h  are the mass 
flow rate and specific enthalpy of an ith incoming anabranch, respectively. 
, ,,mix out mix outm h stand 
for the mass flow rate and specific enthalpy of the outgoing flow from the mixer.  
By mixing all the outgoing water streams from the compression heat exchangers and assuming 
the same mass flow rate for these streams, the water tempertaure in the hot TES 
,hot TEST  is 
calculated using the following relation: 
,
,
1
,
cN
i c
water out
i
hot TES
c
T
T
N
==

  (3.50) 
where 
cN  is the number of compression heat exchangers in the system. The obtained water 
temperature in the hot TES in equation (3.50) is equal to 
,
,
i e
water inT , as described in the previous 
section.  
A splitter is utilised to split one stream into two or more streams. The difference factor 
of the i th outlet of a splitter ,i spl is calculated by: 
, ,
,
,
spl out i
i spl
spl in
m
m
 =    (3.51) 
where , , ,,spl out i spl inm m  represent the outflow mass flow rate of an i  th anabranch and the total 
inflow mass flow rate to the splitter. By assuming no energy losses, the mass and energy 
balance equations for a splitter are obtained as follows:  
, , , , ,
1 1
spl splN N
spl in spl out i spl in spl i
i i
m m m 
= =
= =    (3.52) 
, , ,spl out i spl inh h=     (3.53) 
where splN  is the number of outgoing streams from the splitter, , ,spl out ih  and ,spl inh are the specific 
enthalpy of an i  th outgoing and incoming stream, respectively.  
Two pumps are used to circulate water in the compression and expansion heat exchangers 
and they keep the water pressure sufficiently high to avoid water vaporization. Input pump 
work PW  is calculated by: 
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−
=

  (3.54) 
where, 
pm  is the mass flow rate, ,out inP P  represent the pump outlet and inlet pressures, 
respectively. , p   are the water density and pump efficiency, respectively. 
3.2.6 Cycle Efficiency 
To evaluate the performance of the A-CAES system, cycle efficiency 
cycle and thermal 
energy recovery efficiency 
heat are introduced and expressed as:  
out
cycle
in
W
W
 =    (3.55) 
out
heat
in
Q
Q
 =   (3.56) 
.
0
discht
out eW W dt=    (3.57) 
( )
0
cht
in c pW W W dt= +    (3.58) 
0
discht
out eQ Q dt=     (3.59) 
0
cht
in cQ Q dt=    (3.60) 
where ,out inW W  represent the total work output of the expanders and total work input into the 
compressors, respectively, in a cycle. ,out inQ Q  stand for the total heat recovery during 
expansion and the total heat absorbed during compression, respectively. 
3.3 Results and Discussion  
3.3.1 Validation of the Dynamic Model 
The proposed dynamic model is first validated using experimental and design data from 
a constructed A-CAES pilot plant reported in the literature [96]. The specifications and 
operating parameters used in the pilot plant are summarised in Table 3.1. Table 3.2 shows the 
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comparison between the predicted results and experimental and design data of the constructed 
A-CAES pilot plant. The predicted data agrees well with the experimental data. The proposed 
dynamic model predicts the input/output work, and system energy efficiency of the A-CAES 
system with higher accuracy than the design analysis conducted in the literature [96]. The 
proposed model reduces the error in calculating the plant energy efficiency by 10.2 %.  
Table 3.1 Main specifications of the A-CAES pilot plant [96] 
Operational Parameters of the A-CAES Plant Value Unit 
Pressure range ~2.5-9.5 MPa 
Rated mass flow rate of compression 1600 kg/h 
Rated mass flow rate of expansion 8600 kg/h 
Stage numbers of compression 5 - 
Stage numbers of expansion 3 - 
Cavern volume 100 m3 
Adiabatic efficiencies of the compression stages   
         Stage 1 74.4 %  
         Stage 2                 77.5 % 
         Stage 3                80.5 % 
         Stage 4                82.4 % 
         Stage 5                83 % 
 
Table 3.2 Comparison between dynamic and experimental analysis of an A-CAES system 
Parameter Experimental data [96]  Designed data[96] Proposed model 
Input work 1375 kWh 1036 kWh 1208.62 kWh 
Output work 326 kWh  422 kWh 369.12 kWh 
Energy efficiency  23.7 % 40.7% 30.5 % 
 
3.3.2 Dynamic Analysis of the Low Temperature A-CAES System  
In this chapter, the dynamic performance of the low-temperature A-CAES system is 
evaluated using the same cavern volume as the Huntorf plant and suggested parameter values 
from the literature [78]. Using the literature [78] and the developed thermodynamic model, 
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tables 3.3 and 3.4 list the operating parameters used for this analysis. The sensitivity analys is 
is applied to study the effect of different governing parameters listed in table 3.3 including air 
mass flow rate in compressor/expander, initial pressure, and storage pressure on specific 
dependent variables, such as system overall efficiency, under certain specific conditions. In 
this analysis, the governing parameter changes over a specified range and the effects of this 
change on the dependent parameters are obtained and analysed.   
Table 3.3 Operating parameters of the low temperature A-CAES system  
Parameter Value Unit 
Air mass flow rate in compressor  50 kg/s 
Air mass flow rate in expander 100 kg/s 
Water mass flow rate of HEX in air compression 25 kg/s 
Maximum operational cavern storage pressure  70 bar 
Cavern initial pressure 25 bar 
Stage numbers of compression & expansion 4 - 
Isentropic efficiency of each compressor 70% - 
Cavern volume 310,000 m3 
 
Table 3.4 Constant parameters of the low temperature A-CAES system 
Parameter Value Unit 
Atmospheric pressure  1.013 bar 
Atmospheric temperature 293 K 
Cavern wall temperature 323 K 
Initial air temperature in cavern 306 K 
Inlet temperature to compression HEXs 293 K  
Heat transfer rate of each HEX 80000 W/K 
Polytropic exponent of expansion process 1.25 - 
 
Fig. 3.2 shows the storage air temperature in the cavern under different compressor flow 
rates. As the compressor flow rate increases from 30 to 70 kg/s, the maximum storage air 
temperature increases from 366 to 426 K. This is because the higher the compressor flow rate, 
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the higher the rate of increase in internal energy of the cavern. This rapid change in the cavern 
internal energy results in harsh changes in air temperature. The A-CAES system needs to 
operate within the allowable temperature range specified for the cavern. Otherwise, 
temperature extremes may permanently damage the cavern infrastructure, deteriorate system 
performance, and seriously put the system and its surroundings in danger. This dictates that the 
compressor flow rate needs to be controlled to ensure safe operation of the system. Fig. 3.2 
also shows that the air temperature increases rapidly at the start and then stabilizes at the 
maximum value as air is charged into the cavern. This is due to the trade-off between interna l 
energy and energy loss. As air is transferred into the cavern, the air in the cavern is compressed 
and the cavern internal energy increases. This increase in cavern internal energy causes the air 
temperature to rise rapidly. At the same time, the temperature difference between the air and 
cavern surroundings also goes up, which increases the energy loss from the cavern to 
surroundings as shown in Fig. 3.3. As the cavern thermal energy loss increases to match the 
increment of the cavern internal energy, the cavern air temperature reaches a maximum value 
and stabilizes.  
 
Figure 3.2 Cavern air temperature under different compressor flow rate 
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Figure 3.3 Energy loss from the cavern under different flow rates 
Fig. 3.4 shows variations in the cavern air temperature and energy losses from the cavern 
to the environment under different expander flow rates. As the air flows out of the cavern in 
discharge mode (an expansion process), the internal energy of air in the cavern is reduced 
resulting in a rapid decrease in the cavern temperature, as shown in Fig. 3.4a. This decrease in 
air temperature is more noticeable at higher expander flow rates. This is because the higher the 
expander flow rate, the higher the rate of decrease in the cavern stored energy, and the larger 
the rate of decrease in the cavern air temperature. For instance, as the expander flow rate 
increases from 40 to 160 kg/s, the cavern temperature drops from 302.5 to 292.8 K at the end 
of expansion.  
Fig. 3.4b shows the energy loss from the cavern air to the surroundings during the 
expansion process. This energy loss is determined by two factors: the effective heat transfer 
coefficient between the air and cavern surface; and the temperature difference between the 
cavern air and its surroundings. The graph shows that the energy loss decreases during the 
expansion process for all studied flow rates. This is mainly due to the decrease in temperature 
difference between the cavern air and surroundings caused by the sharp drop in cavern air 
temperature, as shown in Fig. 3.4a. The Fig. also shows that the drop in energy loss at high 
flow rates is much faster than that at low flow rates. This is because the overall heat transfer 
coefficient at high flow rates is higher than that at low flow rates as per equation (3.13). 
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Meanwhile the air temperature drop at high flow rates is also much faster than that at low flow 
rates. These two factors lead to the fast drop in energy loss at high flow rates. Moreover, during 
late stages of the expansion process, as the air temperature drops to a level colder than the 
surrounding temperature, the cavern air gains energy from the surroundings instead of losing 
it.   
 
(a) 
 
(b) 
Figure 3.4 Cavern air temperature and energy loss during the expansion process.  (a) air 
temperature, (b) energy loss 
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During an air storage process, the expansion process may not start immediately after the 
charging process. This depends on the demand for electricity. Therefore, the high temperature 
air may be stored in the cavern for a significant period before the expansion process starts. 
During this period, energy is continuously lost to the environment due to the temperature 
difference. Fig. 3.5 shows air temperature variation in the cavern under different compressor 
flow rates for increasing air storage periods. As discussed before, stable air temperature in the 
cavern increases as the compressor flow rate increases. Hence the cavern air temperature is 
higher at high compressor flow rates. The cavern air temperature drops quickly over time for 
all studied cases. This indicates high energy loss during storage depending on the period of 
storage.  
 
Figure 3.5 Air temperature in the cavern during the storage period 
One influential way to increase the efficiency of the whole A-CAES system is to capture 
the exhausted air from the last expander and re-use it, depending on its temperature, in cooling 
or heating applications. It is therefore of great importance to examine the outflow air 
temperature leaving the system. Fig. 3.6 illustrates time-dependent variations of the exhausted 
air temperature from the last expander for selected values of the expander flow rate. According 
to equation (3.28), the expander outlet temperature relates to two parameters which are the inlet 
air temperature and expander pressure ratio. Particularly for the last expander, the expander 
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inlet air temperature decreases during the power generation mode. However, as it is inferred 
from equation (3.29), the pressure ratio increases because of the decrease in cavern pressure 
when the atmospheric pressure remains unchanged. This increase in the pressure ratio has a 
more dominant effect than decrease in the inlet air temperature. Consequently, when the 
discharging process is moving towards its end, the outflow temperature increases for any 
selected value of expander flow rate and the number of compressors/expanders. This Fig. also 
shows that if the expander mass flow rate increases from 40 kg/s to 160 kg/s, the exhausted air 
temperature decreases. It is because that by increasing the air mass flow rate, less heat is 
transferred to the unit of air mass flow rate as the water flow rate in the expansion HEX is 
unchanged. As a result, the air temperature less increases when passing through the expansion 
HEX. Thus, the inlet air temperature to the last expander decreases resulting in decrease in the 
exhauster air temperature. It is inferred from this phenomenon that the proposed system may 
have higher cooling capacity at higher expander flow rates.  
  
Figure 3.6 The outflow air temperature from the last expander during the discharging time  
For the expansion process, the expander inlet temperature is dependent on the cavern air 
temperature and heat recovery in the TES. The inlet temperature strongly affects the expander 
work output and hence the overall system efficiency. Fig. 3.7 shows the variation in air 
temperature at the inlet of each expander and the work output from each expander. The 
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operating parameters are listed in Tables 3.3 and 3.4. The compressor flow rate is 50 kg/s and 
the expander flow rate is 100 kg/s. There are four-stage compressors and expanders. Generally, 
if the air temperature at the inlet of each expander heat exchanger is higher than the hot water 
temperature from the TES, the heat exchanger is bypassed and the air flows directly into the 
expander. As shown in Fig. 3.7a, the air temperature at the inlet of the first stage expander 
decreases sharply in the first four hours of the discharge process. During this period, the first 
HEX is bypassed, and the inlet expander temperature is equal to the cavern temperature. As 
the cavern air temperature falls below the hot TES temperature, the air goes through the first 
HEX to absorb the heat of compression. As a result, the rate of decrease in the inlet air 
temperature slows down compared to that of the cavern air temperature. This Fig. also shows 
that the inlet temperature to the second stage slightly decreases with time at first and then 
remains almost unchanged for the rest of expansion due to heat recovery in the TES. Also, it is 
shown that the air temperature rises slightly with time before entering the third and fourth 
stages of expansion. This is mainly due to the change of pressure ratio. As the air flows out 
from the cavern, the pressure in the cavern drops leading to a drop in the pressure ratio across 
each expander.  
Fig. 3.7b shows the variation of work output for each expander. The work output from 
each expander decreases during the expansion process. This is due to two factors. The first 
factor is the pressure ratio across each expander. As the air flows out from the cavern, the 
pressure in the cavern drops as shown in this Fig. Therefore, the pressure ratio across each 
expander decreases, which leads to a drop in the work output from each expander. Another 
factor is the air temperature at the inlet of each expander. As shown in Fig. 3.7a, the variation 
in the inlet air temperature for the first stage expander is much higher than for the rest of the 
expanders. This explains why the variation in work output for the first stage expander is much 
higher than for other expanders. 
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(a) 
 
(b) 
Figure 3.7 Variation of (a) air temperature at inlet of each expander (b) work output from 
each expander 
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Fig. 3.8 shows the variation in overall system and heat recovery efficiencies under 
different compressor and expander flow rates. It is seen that increasing either the compressor 
or expander mass flow rates slightly reduces the overall cycle efficiency. Cycle efficiency 
drops from 0.335 to 0.316 as the compressor flow rate increases from 30 to 70 kg/s, whilst it 
drops from 0.35 to 0.31 as the expander flow rate changes from 40 to 160 kg/s. This is mainly 
because the air temperature and pressure rapidly change with time at high charging or 
discharging air flow rates. This rapid change results in an increase in the consumed work or a 
decrease in the generated power due to irreversibility. Moreover, it is revealed that the increase 
in the expander flow rate reduces the heat recovery efficiency. This is because the higher the 
expander flow rate, the less heat is absorbed by the air in the unit of expansion HEXs. However, 
increasing the compressor flow rate improves the heat recovery efficiency. As an example, the 
heat recovery efficiency increases from 22.3% to 28.4% as the compressor flow rate increases 
from 30 to 70 kg/s, whilst it drops from 33.2% to 20.4% as the expander flow rate rises from 
40 to 160 kg/s. 
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(b) 
Figure 3.8 System efficiency and heat recovery efficiency under (a) different compressor 
flow rates (b) different expander flow rates 
Fig. 3.9 shows a comparison of overall cycle efficiency and heat recovery efficiency 
between the data from the proposed dynamic study and results reported in literature [78]. 
Although the variation trend of the overall cycle efficiency and heat recovery efficiency is 
similar between the two studies, the predicted efficiencies using the dynamic analysis are much 
lower than those reported in literature as the number of expander stage increases from 2 to 8. 
As reported in the literature [78], a steady flow model is used, and air properties are assumed 
to remain constant during the expansion process. Therefore, the expander output work and 
efficiency do not change with time. This does not reflect the real scenario as discussed in the 
dynamic analysis. In a real power generation mode (expansion process), the air temperature 
and pressure drop over time as air flows out of the cavern. Therefore, the expander work output 
decreases as shown in Fig. 3.7b. Furthermore, the change in air temperature also affects heat 
recovery in the TES and heat exchanger. The comparison results in Fig. 3.9 indicate that it is 
important to use the dynamic analysis for a low temperature A-CAES system. 
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Figure 3.9 Comparison between predicted data from the proposed dynamic analysis and 
results from the literature using stable model analysis [78]  
3.3.3 Effect of the Cavern Initial and Storage Pressures 
The effect of cavern initial and storage pressures on system performance is evaluated 
under the operating parameters listed in tables 3.3 and 3.4. Fig. 3.10 shows the effect of cavern 
storage pressure (maximum operating pressure) on the compression and expansion exergy 
efficiencies, overall system efficiency and heat recovery efficiency. The results show that 
exergy efficiency of both the compressor and expander increases over time at a specific storage 
pressure. For the compressor, this is because exergy in the cavern increases with the pressure 
and temperature. Therefore, the ratio of stored cavern energy to cumulative input work 
increases. For the expander, this is due to a sharp decrease in the cavern exergy and hence the 
ratio of output work to stored cavern energy increases. Fig. 3.10a shows that the compressor 
exergy efficiency is reduced by about 10% as the storage pressure increases from 50 to 90 bars. 
This can be explained from the compressor input work and energy stored in the cavern. As the 
storage pressure increases, more exergy is transferred to the cavern. However, the input work 
to the compression unit increases as the air is compressed to a higher storage pressure for a 
longer charging time. The obtained results show that the increasing rate of compressor input 
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work is greater than the rate of energy storage in the cavern. Thus, the compression exergy 
efficiency of the system is reduced. During the expansion process, contrary to the compression 
mode, the expansion exergy efficiency increases as the storage pressure increases from 50 to 
90 bars as shown in Fig. 3.10b. This is because the temperature and pressure of the air flowing 
out of the cavern increases with the storage pressure. Thus, the output work of the expansion 
unit is improved resulting in an increase in the expansion exergy efficiency.  
Fig. 3.10c shows the effect of storage pressure on the overall system efficiency and heat 
recovery efficiency. As storage pressure increases from 50 to 90 bars, the overall system 
efficiency decreases relatively by about 11%. This indicates that the effect of a decrease in 
compressor exergy efficiency becomes more dominant than an increase in expander exergy 
efficiency as the storage pressure increases. It is also revealed from this Fig. that heat recovery 
efficiency is not affected too much by increasing the storage pressure.    
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(c) 
Figure 3.10 Effect of storage pressure on (a) compression exergy efficiency (b) expansion 
exergy efficiency (c) overall cycle and heat recovery efficiencies  
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Fig. 3.11 shows the effect of initial storage pressure on compression exergy efficiency. 
As the cavern initial pressure increases from 5 to 45 bars, compression exergy efficiency 
increases from about 36% to more than 60% at the time the compression process begins. 
However, by increasing the initial pressure, less air mass is stored in the cavern at a given 
storage pressure. This may decrease the total stored energy and hence the generated power 
output. There is a trade-off between the efficiency and power output. Furthermore, as the initia l 
pressure increases from 5 to 25 bars, the compression exergy efficiency increases from 36% to 
53.9% at the beginning of the compression. Whilst it only increases from 53.9% to 64% if the 
initial pressure increases from 25 to 45 bars. This indicates that a further increase in the initia l 
pressure above 25 bars does not improve the compressor exergy efficiency significantly. Hence 
the practical initial pressure is suggested to be above 25 bars for a low temperature A-CAES 
system. 
 
Figure 3.11 Effect of cavern initial pressure on the compression exergy efficiency   
3.3.4 Effect of the number of compression stages on the storage and cavern inflow 
temperature   
Temperature of the water flowing into the hot TES and temperature of the air flowing 
into the cavern are among the most determining parameters in designing and operating 
behaviour of an energy storage plant. High water temperature in the hot TES can assure more 
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recovery efficiencies. On the other side, temperature of the cavern inflow directly relates to its 
thermal energy. If the cavern inflow temperature is too high, air temperature inside the cavern 
may rapidly increase or, in some cases, exceeds the cavern allowable temperature. This 
phenomenon can cause serious damages to the cavern structure and deteriorate the system 
performance. In Fig. 3.12, variations of these two parameters versus the stage numbers in air 
compression are presented for a wide range of compressor air flow rates. Fig. 3.12 reveals that 
increase in number of compressors in the system reduces the inflow air temperature to the 
cavern and, also, inflow water temperature to the hot TES. This reduction in the temperature is 
found to be very considerable at high values of the compressor flow rate. For instance, for a 
system operating with the compressor flow rate of 70 kg/s, increase of the air-compressio n 
stages from 2 to 8 will cause the cavern inflow temperature to decrease from 573 K to 352 K 
and the hot TES inflow temperature to decrease from 491 K to 341  K. It can be also seen from 
this Fig. that at each stage number of air compression, increase in the compressor flow rate 
results in increase of both cavern inflow temperature and hot TES inflow temperature. This 
increase in the temperature is harsher at an A-CAES system operating with lower stages of air 
compression. It should be emphasized that the cooling water has to be kept at an appropriately 
high level of pressure at all times during the system operation via water pumps to avoid the 
water vaporization in the system.        
 
Figure 3.12 Inflow air temperature to the cavern and hot TES versus the stage number of air 
compression 
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3.3.5 Effect of the number of compression and expansion stages on the system cycle 
efficiency  
Fig. 3.13a shows the effect of changing the number of compression stages on the 
efficiency of an A-CAES system with four-stage expansion. The air compressor and expander 
flow rates are 50 kg/s and 100 kg/s. Also, the initial and storage pressures are 25 and 70 bars, 
respectively. This Fig. shows that utilising more compressors in the system improves the 
overall cycle efficiency. This is because the pressure ratio across each compressor decreases 
when more compressors are used in the compression unit. Therefore, the compressor input 
work decreases, which leads to an increase in the overall system efficiency. This Fig. also 
reveals that if the number of compression stages increases, the heat recovery efficiency is 
reduced. This reduction is larger at low number of compression stages. For instance, if the 
number of compressors rises from two to three, the heat recovery efficiency will decrease by 
5.9% from 34.1% to 28.2%. This decrease in heat recovery efficiency is only 2.7% if four 
compressors are employed instead of three.  
Fig. 3.13b shows the effect of changing the number of expansion stages on the efficie ncy 
of an A-CAES system with four-stage compression. The air flow rates and cavern pressures 
are the same as those listed above. The Fig. shows that as the number of expansion stages 
increases from 2 to 8, the system cycle efficiency increases from 29.7% to 35.4%. This increase 
in cycle efficiency is more noticeable from two to four expanders. Although employing five 
expansion stages and more still improves the system efficiency, it is not significant. 
Considering the investment cost and increase in system complexity, it might not be wise to 
have more than 4 expansion stages. This Fig. also shows that heat recovery efficiency increases 
continuously from 13.5 % to 35.8 % as the number of expansion stages increases from 2 to 8. 
This is because more energy is recovered by the expander heat exchangers as the number of 
expanders increases.  
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(a) 
 
(b) 
Figure 3.13 System cycle efficiency and heat recovery efficiency versus (a) number of 
compression stages (b) number of expansion stages 
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3.4 Concluding Remarks  
In this chapter, dynamic performance of a low temperature adiabatic compressed air 
energy storage (A-CAES) system was analysed. A thermodynamic model was developed and 
validated using experimental data. In this study, the governing parameters include the 
compressor/expander air mass flow rate, cavern storage pressure, cavern initial pressures, stage 
numbers of compression/expansion; and compressor isentropic efficiency. The dynamic 
analysis showed that the cavern air temperature and pressure vary greatly during the charging 
and discharging processes. This variation substantially reduced the expander power output and 
system efficiency. The predicted system efficiency from the dynamic analysis was found about 
10% lower than that obtained from the steady-state analysis. Besides, it was shown that a great 
amount of energy is lost from the storage cavern to its surroundings during the air compression 
and expansion. Therefore, the system overall cycle efficiency was evaluated below 40% for 
many cases. This low efficiency in CAES systems seems unavoidable making the applicability 
of A-CAES systems in Australia energy storage market less effective. The conducted analys is 
in this chapter is applied to develop working principles of an efficient Pumped Hydro and 
Compressed Air (PHCA) energy storage system in the next chapter. 
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Chapter 4: Development and Numerical Modelling of the Pumped 
Hydro Compressed Air Energy Storage System 
In this chapter, structure and working principles of a new Pumped Hydro and Compressed Air 
(PHCA) energy storage system is developed. A comprehensive thermodynamic and exergy 
model is developed to identify key parameters of the system and evaluate its performance under 
different operating conditions. In a PHCA energy storage system, energy is stored in a storage 
vessel. Therefore, the flow and heat transfer mechanism between the high-pressure air and 
water in the storage vessel has a determining effect on performance of the PHCA system. In 
this chapter, the vessel physical domain is first defined. Next, a three-dimensional dynamic 
approach is developed to study the multiphase, turbulent flow and heat transfer in the storage 
vessel. The governing equations of Continuity, Momentum and Energy as well as appropriate 
multiphase and turbulence models are defined. Also, a thermodynamic model is developed to 
estimate the input/output works and energy storage level in the storage vessel.   
4.1 Working Principles of the PHCA system  
Figure 4.1 shows a schematic drawing of the PHCA system that consists of a compressed 
air-water storage vessel, a pump, a hydro turbine, a water reservoir, a small compressor, lots 
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of piping and valves. The small compressor is used to pre-pressurize the air-water storage 
vessel at the initial stage. Once the system reaches real operating conditions, this is no longer 
required. Wherever there is excess energy from a renewable energy source such as wind or 
solar energy, this excess energy drives the water pump to pump water from the water reservoir 
to the storage vessel. The air volume in the vessel reduces and air is compressed as water is 
pumped into the storage vessel. The compressed air, in turn, pressurises the water inside the 
vessel and hence a virtual dam is built between the water reservoir and the storage vessel. For 
example, a vessel with an interior pressure of 6 MPa represents a dam with a height of 600 m. 
The pumping process is continued until the pressure in the storage vessel reaches its high 
threshold called storage pressure. The storage pressure is designed based on the excess energy 
available from solar or wind energies in the operational area. If there is a large amount of excess 
energy, a higher value for the storage pressure is designed and/or large volume of the storage 
vessel is required. In this case, the energy level in storage vessel and work output are improved. 
When electricity is required, the pressurized water flows out from the storage vessel and passes 
through the hydro turbine that drives the electric generator and generates electricity. The water 
from the hydro turbine exit flows back to the water reservoir for further use in the next cycle. 
 
 
Figure 4.1 Schematic configuration of a PHCA system 
During the energy charge process, as water is pumped into the PHCA storage vessel, air 
is compressed, and its temperature increases. The compressed air exchanges heat with the water 
via direct contact. The air compression in the storage vessel is a polytropic process. If the 
Chapter 4: Development and Numerical Modelling of the Pumped Hydro Compressed Air 
Energy Storage System   
74 
 
 
 
energy charging process is very slow allowing enough heat transfer, a great amount of heat is 
transferred between the air and water. The polytropic process approaches a quasi-isothermal 
compression process that minimizes the pump work required during the charging process. 
However, if the energy charging process is very fast and the compression air heat cannot be 
transferred to the water fast enough, the polytropic process is close to the isentropic process. 
During the energy discharge process, air is expanded, and its temperature drops. Heat transfers 
back from the water to the air, and the air expansion is also a polytropic process. This polytropic 
process approaches the quasi-isothermal expansion process if the energy discharge is very 
slow, whilst it is close to the isentropic process if the energy discharge process is very fast. 
Therefore, the isentropic and isothermal compression/expansion processes are the two extreme 
energy charging/discharging processes which are considered in this study to evaluate the 
performance of the PHCA system under different operating conditions. Figure 4.2 shows a 
schematic of the heat transfer process inside the storage vessel during the air 
compression/expansion.  
 
Figure 4.2 Schematic of the heat transfer process in the PHCA storage vessel 
In order to conduct a thermodynamic and exergy analysis of the PHCA system, a 
thermodynamic and exergy model is developed based on the following assumptions. It should 
be noted that due to importance of the storage vessel on overall performance of the PHCA 
system, a numerical model is developed separately later in this chapter to analyse the working 
principles of the storage vessel with deep details.  
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• The air is treated as an ideal gas.  
• The kinetic and potential energies, and pressure loss along the piping are ignored in the 
system. 
• There is no phase change of water in storage vessel of the PHCA. 
• The heat transfer between the enclosed compressed air and water in the PHCA storage 
vessel does not significantly change the total water enthalpy.  
• Initial air temperature during the charging process is assumed to be the ambient 
temperature.   
4.2 Thermodynamic Model of the PHCA System 
4.2.1 Pump 
Since the pressure inside the storage vessel varies from initial pre-set pressure to a storage 
pressure, the pump head varies according to the vessel pressure. The pumping power ( )pw per 
unit mass at a given vessel pressure can be calculated using energy and mass balance and is 
expressed by [146]:  
0
o
p
p
wp
P P
w vdp

−
= =
 (4.1)
 
where P  is the outflow pressure, v  is the water specific volume, w  is the water density and 
0P is the atmospheric pressure.  
The mass change of water in the storage vessel is expressed by, 
wdm dV= −  (4.2) 
where V  is the volume of the sealed air in the storage vessel.  
The air compression process in the storage vessel can be modelled as a polytropic process
( )const.nPV = while water is pumped into the vessel. Therefore, the total work per unit air 
volume required of a real pump to pump the water to increase the vessel pressure from 1P  to 
2P  is calculated using the following equation:  
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 −   = − −     −        

  
    = − − =       
   
                                               (4.3) 
where 
1V  is the air initial volume in the storage vessel, 1P  and 2P  are pre-set vessel pressure 
and storage pressure, respectively, and 
P  is the pump efficiency. Also, n  is the polytropic 
constant which is 1.4 for an isentropic process and 1 for an isothermal process [146]. 
4.2.2 Storage Vessel  
During the charging process, water is pumped into the storage vessel. The air pressure 
increases and its volume decreases. Hence, energy is stored. This stored energy can be released 
during the expansion process to generate electricity. The total energy stored E  per unit 
volume is calculated based on the change in internal energy of the air as expressed by:  
1 1
1 2 1
0
1 1 2
1
2 1
1 0
1 1 2
P P
1 1          1
1 P
 
ln 1                        1  
n
n n
n
PE
P n
V n P
P PE
P P n
V P P
−    
      = − − −       −          

        = − − =         
 
 (4.4) 
4.2.3 Hydro-turbine 
When electricity is required, the high-pressure water stored in the vessel is released 
through a hydraulic turbine. The energy generated by an ideal hydro turbine ( ),h sw per unit mass 
at a given time is obtained using the relation below [146]: 
0
,
P
h s
P
w vdp= −                             (4.5)
 
 
During the discharging (expansion) process, the sealed air in the storage vessel is 
expanded from 2V to 3V and the storage pressure decreases from 2P  to 3P . By considering the 
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air expansion as a polytropic process ( )const.nPV = , the total work output per unit volume of 
the storage vessel generated by a real hydro turbine is calculated using the following equation: 
( ) ( )
( )
1 1 1 1
1 1
2 1 3 1 1 1
0
1 3 2
1 1
1
1 2 1 1
3 1 0
1 3 3 2
         1
1
ln                         1
n nn n n n
h
h
n n
nh n
h
P P P PW P P
P n
V n P P
W P P P
P P P n
V P P P


− −
−
   
−       = − −       −         

  
      = − − =             
   (4.6)   
where P3 is the vessel pressure at the end of the expansion process and h is the efficiency of 
the hydro turbine.   
4.2.4 Cycle Efficiency 
Overall cycle efficiency of the PHCA system is defined as the ratio of total work output 
from the hydro turbine to total work input to the pump as the following: 
h
cycle
P
W
W
 =                                                                                                                 (4.7) 
4.3 Exergy Model of the PHCA system 
4.3.1 Pump   
The exergy balance for a water pump during the charging process is presented as follows 
[67, 147], 
p p pI X X
+ −= −           (4.8) 
where pI  is the rate of exergy destruction in the pump, pX
+
 and pX
−
 are the rates of exergy 
transfer to the system by pumping work and exergy transfer from the pump to water flow, 
respectively. Assuming that the water flow is transferred to the pump under fixed atmospheric 
conditions ( )0 020 ,  1 baroT C P= = , the two parameters ,p pX X
+ −
 are expressed as [67, 147], 
p pX W
+ =            (4.9)      
( ) ( ), , 0 0 , 0p w p out p out pX m h h T s s−  = − − −         (4.10)      
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( ) 0, 0 , 0out p w out p
w
P P
h h C T T

−
− = − +         (4.11) 
,
, 0
0
ln
out p
out p w
T
s s C
T
− =          (4.12)      
where , , ,h s C   are specific enthalpy, specific entropy, specific heat and density, respectively, 
and 
,w pm  is the charging mass flow rate. The subscripts ,0w  represent the water and 
atmospheric states, respectively, and the subscripts ,out p  stand for the pump outflow. In 
equation (4.11), the term on the left hand side is equivalent to the actual pump work 
pw  and 
the second term on the right hand side is the isentropic pump work 
,p sw . Consequently, the 
outflow water temperature from the pump is calculated by: 
( ), , 0
1
out p p p s
w
T w w T
C
= − +          (4.13)    
The exergy efficiency of the water pump ,ex p  is given by, 
,
p
ex p
p
X
X

−
+
=           (4.14)      
in which, the total exergy transfer to the water flow during the charging mode is given by: 
p pX X dt
− −=             (4.15)  
Also, pX
+
 is the total exergy transfer to the system by pumping work. This quantity is calculated 
by integrating equation (4.8) and by taking into account equation (4.1), as follows: 
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
  
    = − − =       
   
               (4.16)                                              
4.3.2 Storage Vessel  
During charging and discharging processes, exergy is transferred to or extracted from the 
storage vessel. When water is pumped into the storage vessel, the air and water physical 
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properties change from the initial state (State 1) to the final state (State 2). The change in exergy 
of the air and water in the vessel during this process is obtained using the following equations 
[67, 147]:  
 ,1 2 1 2total air waterX X X→ → =  +   (4.17) 
( ) ( )2 1 0 2 1 0 2 1airX U U P V V T S S = − + − − −   (4.18) 
2
1
water pX X dt
− =     (4.19) 
where 
2
2 1
1
air vU U m C dT− =    (4.20) 
2
2
2 1
11
( )
ln
p
air
C T P
S S m dT R
T P
 
− = − 
 
   (4.21) 
In these equations,  and U S are the total internal energy and entropy, respectively. Also, 
R is the gas constant, ,p vC C  are the specific heat at constant pressure and volume, respectively,  
and 
airm is the sealed air mass in the storage vessel. If the exergy loss is assumed to be negligib le 
in the transmission pipelines between the pump and storage vessel, the rate of exergy transfer 
to the storage vessel with a reference state ( )0 0,T P is equal to that transferred to the water flow 
by the pump.  
When water flows out of the vessel, the exergy of the vessel gradually decreases. During 
the discharging process, the physical properties of air and water change from the initial state 
(State 2) to the final state (State 3). The exergy change in the storage vessel due to the water 
discharging process is obtained using the equations below [67, 147].  
 ,2 3 2 3total air waterX X X→ → =  +   (4.22) 
( ) ( )3 2 0 3 2 0 3 2airX U U P V V T S S = − + − − −   (4.23) 
3
2
water hX X dt
+ =     (4.24) 
where 
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   (4.26) 
As the exergy loss in transmission lines between the vessel and hydro turbine is 
negligible, the rate of exergy transfer from the storage vessel is equal to that transferred to the 
hydro turbine by the water flow
hX
+ .  
4.3.3 Hydro turbine 
The exergy balance for a hydro turbine during the discharging process is obtained as [67, 147]:  
h h hI X X
+ −= −           (4.27) 
where, 
hI  is the rate of exergy destruction, hX
+  is the rate of exergy transfer from the water 
flow to the turbine and 
hX
− is the rate of exergy transfer from the turbine to the generator. If the 
hydro turbine outflow pressure is assumed to reach atmospheric pressure, 
hX
− and
hX
+ are 
expressed as, 
h hX W
− =                (4.28) 
( ) ( ), , , 0 , ,h w h in h out h in h out hX m h h T s s+  = − − −        (4.29) 
in which, 
( ) 0, , , ,in h out h w in h out h
w
P P
h h C T T

−
− = − +        (4.30) 
,
, ,
,
ln
in h
in h out h w
out h
T
s s C
T
− =         (4.31) 
where ,w hm  is the discharging mass flow rate. Subscripts ,  and ,in h out h  represent the state at 
the inlet and outlet of the hydro turbine. In equation (4.30), by considering the left-hand side 
term as the actual work hw  of the hydro turbine and the second term in the right hand side as 
the isentropic work ,h sw  of the hydro turbine, the outflow temperature from the machine can 
be found using the following relation: 
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out h h s h in h
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T w w T
C
 = − +            (4.32) 
The exergy efficiency of the hydro turbine 
,ex h  is defined as below: 
,
h
ex h
h
X
X

−
+
=             (4.33) 
where, 
hX
−  is the total exergy transfer from the hydro turbine to the generator. By taking into 
account equations (4.5) and (4.28), this term is defined as follows: 
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   (4.34)  
The term hX
+
is the total exergy transfer from the water flow to the hydro turbine and is 
calculated by:  
p pX X dt
+ +=               (4.35) 
4.4 Numerical Model of the Storage Vessel 
4.4.1 Configuration of the Storage Vessel 
In the numerical study, the performance of a high-pressure air-water storage vessel is 
simulated under various operating conditions. The storage vessel is in a cylindrical shape with 
the inner diameter of D and length of L. A cylinder-shaped aperture with the diameter d is 
attached to the centre point at the bottom surface of the vessel through which water is allowed 
to flow in or out of the vessel. Figure 4.3 shows the schematic diagram of the storage vessel. 
The geographical details of the vessel are summarised in table 4.1.  
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Figure 4.3 Schematic of a PHCA storage vessel 
Table 4.1 Geometrical parameters of the PHCA storage vessel 
Parameter Value 
Aperture diameter d 10 cm 
Vessel inner diameter D 60 cm 
Vessel length L 100 cm 
 
4.4.2 Mathematical Formulation  
The following assumptions are taken into account to find the mathematical formula t ion 
and governing equations for this problem: 
- The flow and heat transfer regimes are axisymmetric. 
- The orientation of the storage vessel is vertical. The flow direction is upward when 
charging and downward when discharging.  
- Air and water are stratified immiscible fluids in the storage vessel which are separated 
by an interface.  
- The temperature of vessel walls and the water enring the storage vessel is atmospheric.  
- Both phases are Newtonian fluids and water is taken as an incompressible fluid.  
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Considering the assumptions above, the mathematical formulation governing a two-phase 
immiscible flow and heat transfer is developed as bellow [148-152]. In this mathematica l 
formulation, a Volume of Fluid (VOF) model is employed to model the air-water flow and heat 
transfer through a two-phase Eulerian approach [149, 153-155]. Also, both liquid and gas 
phases are treated with a standard k −  model [148, 156-158]. 
4.4.2.1 Continuity Equation 
( ) .( ) 0p p p p pu
t
   

+ =

 (4.36) 
In which p  is density of phase p , u  is velocity vector. Also, p  is the volume fraction 
of phase p  which is the volume of a cell occupied by phase p  over the total volume of the 
cell. In this simulation, an implicit scheme of time discretization is used to solve the volume 
fraction equation. The local value of 
p is used to assign the values of different physical 
properties to each control volume within the domain. It should be noted that the sum of volume 
fraction of all phases in each cell in the physical domain is equal to 1 as bellow: 
1
1
s
p
p

=
=  (4.37) 
4.4.2.2 Momentum Equation 
, ,( ) .( ) .p p p p p p p p p p p s p b pu u u P g f f
t
       

+  = −  + + + +

 (4.38) 
In this equation, P  is the pressure, g  is gravitational acceleration, and ,b pf  is the body 
force density of phase p . Also, p  is the stress tensor of phase p  which is defined as 
following: 
,( ) ( )
T
p p p t p p pu u     = +  +   ` (4.39)   
in which p  is the fluid viscosity and ,t p  is the turbulent eddy viscosity of phase p .  
Moreover, ,s pf  is the interfacial force acting on the interface   between two immiscible fluids. 
This force is defined by,  
( ) ( )  ( ), ,, ,s p sfd p if x t f s t x x s ds

= −          (4.40) 
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In this equation, ,sfd pf  is the force density,   is the Dirac delta function and ix denotes a 
parameterization of the interface. 
In natural convection flows, the gas density is affected by temperature variations in the physical 
domain. In this study, the Boussinesq approximation is used to consider the effect of buoyancy 
term on the gas density in the momentum equation. This approximation is defined as follows 
[159]: 
0 0(1 ( ))g gT T  = − −   (4.41) 
in which ,g gT  are the gas density and temperature, respectively, 0T  is the reference 
temperature, and 
0  is the gas density at the reference temperature. Also,   is the thermal 
expansion coefficient which is given by: 
0
1
PT



 
= −  
 
   (4.42) 
4.4.2.3 Turbulence Model 
To simulate the turbulence effects in this study, the two-equation k −  is employed. 
Transport equations for the turbulence kinetic energy k   and its dissipation rate   are as follow:  
( ) ( ) , , ,. . :
t p
p p p p p p p p p p t p p p p p k p
k
k k u k u S
t

         

 
+ =  +  − + 
  
  (4.43) 
( ) ( ) ( ), 1 , 2 ,. . :
t p p
p p p p p p p p p p t p p p p p
p
u C u C S
t k
  

 
           

 
+ =  +  − + 
  
  
(4.44) 
In these equations, ,t p  is the turbulent stress tensor which is defined as bellow: 
, ,
2 2
( ) ( . )
3 3
T
t p t p p p p p pu u u I k I  
 
=  +  −  − 
 
  (4.45) 
Also, turbulent eddy viscosity of phase p  ,( )t p  is calculated by: 
2
,
p
t p p
p
k
C 

=  (4.46) 
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The constants used in these equations have the following values: 
1 21.44,  1.92,  1.0,  1.3,  C 0.09kC C    = = = = = . Besides, , ,,k p pS S  are the source terms 
associated with the turbulent kinetic energy generation and turbulent kinetic energy dissipation.  
4.4.2.4 Energy equation 
, ,( ) .( ( )) .( )p p p p p p p p eff p p h pu P K T S
t
    

 +  + =  +

 (4.47) 
in which p  is the energy and pT  is the temperature of phase p . Also, hS  is the source term 
which consists of contributions from the input/output heat transfer and work to or from the cell. 
Moreover, ,eff pK  is the effective thermal conductivity of phase p  . For each phase, this 
parameter is calculated by the equation bellow: 
, ,
,
Pr
p p t p
eff p p
t
C
K K

= +   (4.48) 
in which, pK  and ,p pC  are the thermal conductivity and heat capacity of constant pressure of 
phase p , respectively. Also, Prt  is the turbulent Prandtl number which its value is set to 0.85.  
In this study, the second-order implicit scheme of time discretisation has been adapted to all 
governing equations including momentum, energy, turbulence models and phase volume 
fraction equations.  
4.4.2.5 Reynolds number 
The flow regime has a determining effect on the thermal energy transfer between air and 
water. At the beginning of the water pumping process, turbulent wakes and eddies are 
generated in the inlet area of the vessel. This turbulence becomes more intense at higher input 
flow rates. After a while, the air-water interface moves up. Therefore, eddies are degraded and 
the turbulence of water inflow in the inlet area is gradually diminished. In such a case, a fully-
developed pipe flow analysis is used to find the flow regime. Based on the experimenta l 
observations for a fully-developed flow in a pipe, the Reynolds number for a laminar flow is 
less than 2300, for a turbulent flow is greater than 4000, and for a transitional flow is between 
these two thresholds [160]. The Reynolds number for the current study is defined as bellow 
[113]:      
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Re m
x D

=   (4.49) 
in which 
mx  is the mean air velocity in the vessel which is the half of velocity of the air-water 
interface, D  is the vessel diameter and   is air kinematic viscosity. Sutherland’s equation is 
used to derive the air kinematic viscosity as a function of temperature [161]: 
0
0
3
2
0 g g
g g g
T C T
T C T



 +
=  
 +  
  (4.50) 
in which, 
0  is reference dynamic viscosity, 0g
T  is reference temperature, gT  is gas 
temperature, g  is mass density of the gas and C  is Sutherland constant. The constant 
parameters are specified the following values,  
0
5
0 1.71 10 ,  273.11 ,  C=110.56 gT K K
−=  =  
As the air-water interface moves up at a given inflow rate, the air is compressed and its density 
is raised resulting in decrease in the air kinematic viscosity. Thus, the flow Re number in the 
vessel rises making flow nature more turbulent.     
4.4.3 Thermodynamic Model 
The following thermodynamic analysis is conducted to evaluate the bulk air temperature, 
input/output works and also the energy storage in the storage vessel using the obtained results 
from the numerical simulations [119, 159, 162].  
When water is pumped into the storage vessel, the air internal energy ( )airdU  increases 
which is defined as bellow:  
airdU PdV q= −     (4.51) 
in which ,P V  are the air pressure and volume in the storage vessel, respectively. In this 
equation, PdV  is the work done on the air by the water inflow and q  represents the heat 
transferred from air to its surroundings. When the air is expanded, the change in the air interna l 
energy is also defined as the following:  
airdU q PdV= −    (4.52) 
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The dominant heat transfer during water charging/discharging is convection heat transfer. 
By applying the Newton’s Law of Cooling, the convection heat transfer is modelled in this 
study using the following equations:  
( )0chq hA T T= −   (4.53)   
( )0dischq hA T T= −   (4.54) 
in which, ,ch dischq q  are the heat transfer rate between air and its surroundings for water charging 
and discharging, respectively, h  is convective heat transfer coefficient, and A  is the heat 
transfer area. Also, 
0,T T  are the air bulk temperature and atmospheric temperature, 
respectively.  
The energy balance equations for the air while compression and expansion, respectively, 
are obtained using equations (4.51) to (4.54) as follow:  
( )0air v
dT dV
m C P hA T T
dt dt
= − −   (4.55) 
( )0air v
dT dV
m C hA T T P
dt dt
= − −   (4.56)  
in which,
vC  is the air specific heat of constant volume and airm  is the air mass inside the vessel. 
The instantaneous bulk air temperature during the air compression/expansion is calculated 
using the air equation state of ideal gas, as bellow: 
airPV m RT=   (4.57) 
in which R  is the gas constant for the air. The heat transfer area between air and its 
surroundings in a cylinder-shaped chamber with the diameter of D  is the sum of instantaneous 
cylinder wall area 
wallA , top cap area 
2
4
D
  and the base liquid piston area
2
4
D
 . The 
instantaneous cylinder wall area is obtained using the following relation: 
4
wall
V
A
D
=   (4.58) 
in which, V  is the air volume in chamber. Thus, the heat transfer area is expressed as: 
24
2
V D
A
D
= +     (4.59) 
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The actual input work to compress the air from the initial volume of 
1V  to the final 
volume of 
2V  along a particular compression trajectory of c  is obtained using the following 
equation: 
( )
2
1
0( )
V
in c
V
W P P dV = −   (4.60) 
During the air compression, the vessel pressure increases from the pre-set pressure of
1P  
to storage pressure of
2P . Also, the actual output work when the air pressure decreases from 
2P  to 3P  and it is expanded from 2V to 3V  along the trajectory of e  is found by: 
( )
3
2
0( )
V
out e
V
W P P dV = −  (4.61) 
When the water is pumped in, the air is compressed and the energy is stored. This stored 
energy can be released during the expansion process to generate electricity. The air 
compression/expansion process in the storage vessel can be studied as a polytropic process in 
which Const.nPV =  In this relation, n  is the polytropic index which is 1.0 for an isothermal air 
compression/expansion process and 1.4 for an adiabatic process. The total energy stored E  
per unit volume is calculated based on the change in internal energy of the air as expressed by:  
1 1
1 2 1
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1 1 2
1
2 1
1 0
1 1 2
P P
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1 P
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n
n n
n
PE
P n
V n P
P PE
P P n
V P P
−    
      = − − −       −          
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        = − − =         
 
 (4.62) 
in which n  is the polytropic index. The polytropic index is evaluated using the equation below: 
2
1
1
2
ln
ln
P
P
n
V
V
 
 
 =
 
 
 
  (4.63) 
Also, the compression and expansion efficiencies are defined as follow: 
c
in
E
W


=   (4.64) 
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out
e
W
E
 =

  (4.65) 
In these equations,  and in outW W  are the total input and output works, respectively. Another 
determining parameter affecting the performance of a liquid piston compression/expans ion 
chamber is the power density. The storage compressor power is defined as the stored energy 
during the air compression divided by the compression time. Also, the output expander power 
is the ratio of the output work over the expansion time. Power density for the air 
compression/expansion is defined as the compressor/expander power normalised by the vessel 
volume, as the following: 
1
c
c
E
t V


=   (4.66) 
1
out
e
e
W
t V
 =   (4.67) 
in which, ,c e   are compression and expansion power densities, respectively. Also, ,c et t  are 
the compression time and expansion time, respectively. These equations show that when the 
compression/expansion time increases under the same compression/expansion ratio, their 
respective power densities are reduced.  
4.4.4 Test Conditions and Computational Domain 
In the present numerical study, ANSYS FLUENT codes are utilised to analyse the 
performance and operating behaviour of a high-pressure air-water storage vessel, which 
operates as a liquid piston compression/expansion chamber, for various operating conditions. 
Under the assumption of axisymmetric flow, the grid independence of the numerical scheme 
was assessed. Different structured grid sizes of 30 100,  45 150, 60 200,  and 90 300    
were tested in advance to figure out the best mesh size. In this set of mesh sizes, a coefficient 
of around 1.5 was applied to increase the number of mesh sizes. The conducted simulat ions 
revealed that the numerical results do not change noticeably when the grid size increases from 
60 200  to 90 300 . Therefore, the grid size of 60 200  was found the best mesh size by 
using which the most accurate results are obtained in a minimized time and cost. Figure 4.4 
shows a schematic of the meshed physical domain. For this study, the boundary conditions are 
as follow: no-slip condition at the solid vessel wall, symmetry at the axisymmetric axis, and 
uniform velocity at the inlet/outlet. 
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Figure 4.4 Numerical mesh  
The three-dimensional axisymmetric unsteady Navier-Stokes and energy equations are 
solved to simulate the dynamic multiphase, turbulent flow field and heat transfer in the storage 
vessel. Numerical simulations are conducted for one continuous operational cycle of the PHCA 
system under a wide range of key parameters including the pre-set pressure, storage pressure, 
as well as charging and discharging flow rates. For all cases, the vessel walls and input water 
temperature are maintained at constant temperature of 300 K.  
The dominant heat transfer mode for the current study is mixed convection heat transfer 
due to the concurrent effects of moving air-water interface and air density variations because 
of temperature gradients. Analysis of this type of heat transfer is complicated due to the variable 
flow regime, rapid fluctuations of the heat flux, phase shift between the gas temperature and 
vessel wall temperature, and unstable vortices [163, 164]. To resolve this complexity, the 
second-order implicit scheme is used to discretise and solve the governing Navier-Stokes and 
energy equations through a SIMPLE scheme. The time step must be handled with care during 
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the time integration of transient solution to avoid the divergence issues. Thus, a small time step 
size from the order of 0.00001 sec. is chosen to well simulate the intense turbulent wakes and 
eddies generated specifically in the inlet area of the vessel.  
4.5 Concluding Remarks 
In this chapter, the configuration and working principles of a new Pumped Hydro and 
Compressed Air (PHCA) energy storage system was developed using the A-CAES analys is 
conducted in the previous chapter and the concept of pumped hydro. A comprehens ive 
thermodynamic model was next developed to analyse the thermodynamic behaviour of 
different components of the system including the pump, storage vessel and hydro turbine. Also, 
an exergy model was applied to evaluate the exergy destruction in main components of the 
system. It was shown that in a PHCA system, energy is stored in the storage vessel. In this 
chapter, the governing Continuity, Momentum and Energy equations were defined to simula te 
the dynamic flow and heat transfer in a three-dimensional cylindrical storage vessel. Also, the 
appropriate form of VOF multiphase and k −  turbulence models was defined.  Moreover, a 
thermodynamic analysis was performed to evaluate the input/output works and energy storage 
level in the storage vessel. The obtained results from thermodynamic and exergy analysis of 
the PHCA system and the results from numerical simulation of the storage vessel are presented 
in the next chapter.   
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Chapter 5: Pumped Hydro Compressed Air Analysis, Results and 
Discussion 
In this chapter, the thermodynamic analysis and also the numerical model are first validated 
with the literature. Next, obtained results from the thermodynamic and exergy analysis of main 
components of the PHCA system including the pump, hydro turbine and storage vessel are 
presented. The results are discussed for two extreme isentropic and isothermal air 
compression/expansion in the storage vessel. Also, obtained results from the numerica l 
simulation of the storage vessel are presented to show the effects of dynamic flow and heat 
transfer in the vessel on performance of the PHCA system. At the end, the actual energy storage 
level in the storage vessel is compared with stored energy through isentropic and isothermal 
air compression. In this chapter, the results are presented for a wide range of key parameters of 
the PHCA system which include the pre-set pressure, storage pressure, pump / hydro turbine 
efficiencies, and input/output flow rates. 
5.1 Model Validation  
To verify the thermodynamic model, table 5.1 compares the simulated energy storage 
density with data available in the literature [165] for a similar PHCA system under the same 
operating conditions. In this reference, the energy storage density of a combined air and hydro 
energy storage (CAHES) system was evaluated for a baseline model. The air volume and vessel 
pressure were initially 1000 m3 and 5 MPa, respectively. The energy storage density was found 
through an isothermal process for two storage pressures of 10 and 15 MPa. The comparison 
results show that the simulated results in this study agree well with the data presented in the 
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literature. This indicates that the proposed thermodynamic model can be used to investigate the 
performance of the PHCA system. 
Table 5.1 Comparison of the energy storage density between this study and the literature 
[165] 
Pre-set Pressure 
(MPa) 
Temperature 
(oC) 
Air 
Compression 
mode 
Storage 
Pressure 
(MPa) 
Energy Density 
This study Literature 
[163] 
5 25 Isothermal 10 3.42 3.78 
5 25 Isothermal 15 5.43 6.04 
 
Also, figure 5.1 compares the conducted numerical simulation with available data in the 
literature [119] when the air compression chamber has a height of 353 mm and diameter of 
50.8 mm. Initial air volume is 715 cc when the initial and final air pressure during compression 
are 1 and 10 bar, respectively. In this figure, ratio of the bulk air temperature to the reference 
temperature 0( ) /T t T  is presented against ratio of the air volume to the vessel volume       
0( ) /V t V  for three compression times of 2, 6 and 14 seconds. The compression time is the water 
pumping time in which the vessel pressure is increased from 1 bar to 10 bar. The conducted 
uncertainty analysis in this literature showed that the pressure has the highest certainty since it 
was measured directly. The worst-case pressure error of 1.7% was found for the initial pressure. 
Afterwards, air volume was found with less certainty with the maximum error of 6.1% at the 
end of compression. As it is indicated in this figure, there is a satisfying agreement between 
the current numerical study and the literature [119] ensuring the accuracy of the selected 
models. It should be noted that as the cylinder diameter is quite small, the heat transfer surface 
area between air and water is small. Therefore, when the vessel pressure approaches 10 bar, 
the air temperature rapidly grows. This rapid increase in the temperature cannot be suitably 
captured by the numerical simulation. Therefore, the difference between the experimental and 
numerical data becomes a bit large for the ration of 0( ) /V t V  of lower than 0.2. As the cylinder 
diameter in the present study is quite large, this situation is not expected to happen.  
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Figure 5.1 Validation of the numerical simulation with the literature [119] 
5.2 Thermodynamic analysis 
The thermodynamic performance of the PHCA system is evaluated using the 
thermodynamic model under different working conditions. The effects of the governing 
parameters, such as the pre-set pressure, storage pressure, pump and hydro turbine efficienc ies 
on performance of the PHCA system are also presented. The values of key operating 
parameters of pre-set pressure and storage pressure are selected based on the study in the 
literature [165, 166] and industrial energy storage systems [167]. The studied pre-set pressure 
ranges from 1 to 4 MPa and the storage pressure ranges from 4 to 16 MPa. Results are presented 
for two extreme air compression/expansion processes in the vessel, namely, isentropic and 
isothermal. The energy storage level in the storage vessel is maximised when the air 
compression is isothermal and is minimised when the air compression is isentropic. Generally, 
isentropic air compression or expansion may arise if the input/output flow rate is quite large 
and the period of charging/discharging process is short. An insulation layer or membrane can 
be used to separate the air and water media inside the vessel in a way that no heat transfer 
occurs between these two fluids while the outer vessel wall is well insulated. Although there is 
no exergy loss in an isentropic air compression, the air thermal energy may increase a lot 
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resulting in very high air temperature. On the other hand, isothermal air compression/expans ion 
inside the vessel can be approximately achieved when a high heat transfer occurs between the 
air and water while water is pumped into or extracted from the vessel very slowly. In an 
isothermal pumping process, the air thermal energy is absorbed mainly by water. Whe n 
discharging, this thermal energy is continuously supplied back to the air to make the air 
temperature variations almost negligible.  
5.2.1 Pump Work 
In a PHCA system, the storage vessel is initially pre-pressurised up to a specific pressure, 
known as the pre-set pressure. The pre-set pressure provides the required pressure head for the 
hydro turbine to generate power during the discharging process. The pumping mode is 
continued up to the point where the vessel pressure reaches its upper limit, known as storage 
pressure. Figure 5.2 shows the effect of storage pressure on the pump energy consumption 
under two scenarios of isentropic and isothermal air compression processes in the vessel. The 
pre-set pressure varies from 1 to 4 MPa, and the pump efficiency remains at 0.75. As the storage 
pressure increases from 4 to 16 MPa, the pump work increases for both isentropic and 
isothermal compression processes. However, the increasing work rate varies with the pre-set 
pressure. This increase in the pump work rises as the pre-set pressure increases. This is mainly 
because, by increasing the pre-set pressure, the average water pressure inside the vessel is 
raised. Thus, more pump work is required to increase the vessel pressure from one particular 
value to another. Also, taking into account lower storage pressure, increasing the pre-set 
pressure results in lower pump work because less water is required to increase the pressure 
from the pre-set value to the storage value. Another interesting point revealed in this figure is 
that, in general, the work input during the isothermal process in the vessel is slightly higher 
than that during the isentropic process. For instance, by considering a pre-set pressure of 3 
MPa, as the storage pressure is raised from 4 MPa to 16 MPa, the required pump work for the 
isothermal air compression increases from 1.117 3MJ/m to 6.588 3MJ/m while it increases from 
0.832 3MJ/m  to 6.04 3MJ/m for the isentropic air compression. This is mainly because the air 
can be compressed further in the isothermal process and the final compressed air volume is 
smaller in comparison to that in the isentropic process. Hence more water is pumped into the 
vessel.   
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(a) Isentropic compression process 
 
(b) Isothermal compression process 
Figure 5.2 The pump work versus storage pressure under two air compression processes in 
the vessel 
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5.2.2 Energy Level in Vessel 
Figure 5.3 shows the energy storage level in the storage vessel under isothermal and 
isentropic air compression processes. Generally, as the storage pressure in the storage vessel 
increases, the energy storage density in the system increases at a given pre-set pressure. 
However, the increasing rate of the energy storage density with respect to the storage pressure 
is not the same at different pre-set pressures. The lower the pre-set pressure, the lower the 
increasing rate in energy storage density as the storage pressure increases. The phenomenon of 
changing energy storage levels versus storage pressure can be explained using pumped hydro 
concepts. By pumping water into a storage vessel, it is pressurised within the vessel, and a 
virtual dam is built between the reservoir and the interior of the storage vessel. The greater the 
storage pressure, the higher the height of the virtual dam and, therefore, the greater the amount 
of stored energy in the PHCA system. For example, at a pre-set pressure of 3 MPa, as the 
storage pressure increases from 4 MPa to 16 MPa, the energy storage density increases from 
0.838 3MJ/m  to 4.941 3MJ/m for the isothermal air compression and from 0.624 3MJ/m  to 
4.53 3MJ/m for the isentropic air compression process. Figure 5.3 also shows that more energy 
is stored in the PHCA system under the isothermal compression process than that under the 
isentropic compression process. This is because more water is pumped into the vessel with the 
isothermal compression process and hence more energy is stored. 
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(b) Isothermal compression process 
Figure 5.3 The energy storage level versus storage pressure 
Figure 5.4 presents the effect of pre-set pressure on the energy storage level in the 
proposed PHCA system under storage pressures from 8 to 16 MPa. It is noticed that the energy 
storage level is maximised at an optimum pre-set pressure for a given storage pressure. This 
optimum value varies with the storage pressure. As the pre-set pressure increases at any specific 
storage pressure, the air mass in the vessel and the air volume at the end of charging increase. 
It is inferred from equation (4) that the higher the air volume at the end of charging at the same 
storage pressure, the higher the energy storage level. On the other hand, if pre-set pressure 
increases, less water is pumped into the vessel to fill the gap between the pre-set and storage 
pressures. Hence, the level of stored energy decreases. Therefore, the optimal pre-set pressure 
is a trade-off between the air mass and final air volume with the amount of pumped water in 
the storage vessel. According to figure 5.4, as the pre-set pressure rises from 0.6 MPa to 4 MPa 
at any specific storage pressure, the increase in air mass and final air volume will both cause 
an increase in the energy storage level. This increase is continued up to the optimum point. 
However, as the pre-set pressure goes beyond the optimum point, the reduction in the water 
pumped into the vessel leads to a decrease in the stored energy. Figure 5.4 also shows that if 
the system is designed for a higher storage pressure, the optimum pre-set pressure is increased. 
For example, during an isentropic compression, the optimum pre-set pressure is 2.5 MPa at a 
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storage pressure of 8 MPa while it is 3.2 MPa at a storage pressure of 10 MPa. This is because 
the high storage pressure reduces the effect of the final water volume at the end of the charging 
process. Once again, the result shows that more energy is stored during the isothermal 
compression process than that during the isentropic compression process.   
As discussed before, the actual air compression process in the storage vessel is polytro pic 
due to heat transfer between air and water, and between the air and vessel surrounding. This 
polytropic process is bounded between the isentropic and isothermal processes. Figure 5.5 
shows the effect of the polytropic constant on the stored energy level. As the polytropic 
constant decreases from 1.4 (isentropic) to 1 (isothermal), the stored energy level increases. 
This is mainly due to heat transfer. As heat transfer between air and water increases, the 
compression process shifts from the isentropic process to the isothermal process. The 
compressed air volume decreases and more water is pumped into the vessel. Hence the stored 
energy increases. The figure also shows that the polytropic constant has a large effect on the 
optimal pre-set pressure. As the polytropic constant decreases from 1.4 (isentropic) to 1 
(isothermal), the optimum pre-set pressure increases from 3.5 to 4.5 MPa at the given storage 
pressure of 12 MPa. This increase in the optimum pre-set pressure is mainly because of the 
improvement in the energy storage level as the polytropic index is lowered.   
 
(a) Isentropic air compression 
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(b) Isothermal air compression 
Figure 5.4 Energy storage level versus pre-set pressure 
 
Figure 5.5 Energy storage level versus pre-set pressure under different polytropic 
compression processes 
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5.2.3 Hydroturbine Work  
Figures 5.6a-b show the work per unit volume generated by the hydro turbine during the 
entire expansion process under isothermal and isentropic air expansion processes in the vessel. 
According to the literature [168], hydro turbine efficiency typically ranges from 70% to 90%. 
Therefore, a hydro turbine efficiency of 80% is selected in the analysis. As the storage pressure 
increases from 4 to 16 MPa, the generated work per unit volume increases sharply. The 
increasing rate is more significant at the high pre-set vessel pressure than low pre-set pressure. 
For instance, under the isothermal air expansion process, as the storage pressure increases from 
4 to 16 MPa, the output work of the hydro turbine increases from 1.049 3MJ/m  to 2.143 3MJ/m  
at the pre-set pressure of 1 MPa and from zero to 4.376 3MJ/m at the pre-set pressure of 4 MPa. 
This is mainly because the average water head inside the vessel is improved by increasing the 
pre-set pressure and hence more power is generated by the PHCA system. Figure 5.6c shows 
the comparison of the power generation between the isentropic and isothermal air expansion 
processes in the air storage vessel. The results reveal that more work is extracted from the 
storage vessel if the sealed air in the vessel is expanded isothermally during the discharging 
mode. As an example, at a storage pressure of 16 MPa and pre-set pressure of 4 MPa, the 
PHCA system generates 3.838 3MJ/m for an isentropic air expansion process and 4.376 3MJ/m
for an isothermal air expansion process, thus an increase of 14%  in the work generation. These 
findings demonstrate that increasing heat transfer between the air and water during the 
discharging stage can increase work output because the air expansion process more closely 
approaches the isothermal process.  
 
(a) Isentropic air expansion process 
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(b) Isothermal air expansion process 
 
(c) Comparison between the isentropic and isothermal air expansion processes 
Figure 5.6 Hydro turbine work versus storage pressure 
Storage Pressure (MPa)
Is
o
th
er
m
al
H
y
d
ro
tu
rb
in
e
W
o
rk
(M
J/
m
)
3 5 7 9 11 13 15 17
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
Pre-set Pressure = 1 MPa
Pre-set Pressure = 2 MPa
Pre-set Pressure = 3 MPa
Pre-set Pressure = 4 MPa
3
=
h
Storage Pressure (MPa)
H
y
d
ro
tu
rb
in
e
W
o
rk
(M
J/
m
)
3 5 7 9 11 13 15 17
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
Isentropic Work - Pre-set Press. = 2 MPa
Isentropic Work - Pre-set Press. = 4 MPa
Isothermal Work - Pre-set Press. = 2 MPa
Isothermal Work - Pre-set Press. = 4 MPa
3
=
h
Chapter 5: Pumped Hydro Compressed Air Analysis, Results and Discussion  104 
 
 
 
5.2.4 PHCA Efficiency  
The air compression and expansion processes are affected by the heat transfer between 
the air and water inside the vessel, and between the air and surroundings. The isothermal and 
isentropic processes are the two extreme heat transfer conditions. In practice, the air expansion 
and compression processes are generally polytropic. Figure 5.7 shows the PHCA system 
efficiency  for three distinctive cases of the sealed air in the storage vessel: a) polytropic index 
of air expansion process is higher than that of the air compression process; b) polytropic 
indexes of air compression and expansion are the same; and c) polytropic index of the air 
compression is higher than that of the air expansion. These results were obtained for the pre-
set and storage pressures of 4 MPa and 16 MPa, respectively. The hydro turbine efficiency is 
assumed to be 85%. By improving the heat transfer in the storage vessel during the discharging 
mode, the polytropic index is lowered, and the system produces more output work leading to 
an improvement of the PHCA system efficiency. The produced work, and hence the system 
efficiency, is maximised if the air expansion process is isothermal. An isothermal air expansion 
infers a tremendous heat flux between air and water during expansion. This finding is proven 
in figure 5.7. For a given component efficiency, the system has a higher efficiency if the 
polytropic index for the air expansion is smaller than that for the air compression.  
Since both Diabatic CAES (D-CAES) and PH have been commercialized [37], the 
performances of the D-CAES, PH and PHCA energy storage technologies are compared and 
presented in table 5.2. The working principle of the proposed PHCA system is very similar to 
the PH system. In both systems, energy is consumed by the water pump to transfer the water 
from low pressure and high pressure level, and power is generated by the hydro turbine when 
the high pressure water flows through the hydro turbine. Hence, the efficiency of the PHCA 
and PH systems largely depends on the efficiency of the water pump and hydroturb ine. 
Therefore, the proposed PHCA system showed a similar efficiency to the PH system. Since the 
efficiencies of the water pump and hydro turbine in the PHCA and PH systems are normally 
higher than the efficiencies of the air compressor and air turbine in the D-CAES system, 
respectively, the PHCA and PH systems showed much higher efficiency than the D-CAES 
system in the table. Furthermore, compared to the PH system, the PHCA system uses the 
compressed air to build the virtue dam in the storage vessel, which eliminates the geologica l 
requirements by the PH system. Compared to the CAES system, the water is the energy 
transformation medium and has much lower leaking rate than air in the CAES system.    
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Figure 5.7 Overall system efficiency for different polytropic compression and expansion 
cases at 85%h = . (n: polytropic constant. (a) nexp>ncomp, (b) nexp=ncomp, (c) nexp<ncomp) 
Table 5.2 Comparison of three EES technologies  
EES Characteristic PH [Ref. 37] D-CAES [Ref. 37] PHCA 
System efficiency  70-85% 42-54% 60-80% 
Energy density, 3/kWh m   0.5 - 1.5 3-8 0.4 - 1.5 
Energy output period 1-24 hrs 20 hrs 1-24 hrs 
Self-discharge rate Evaporation Air leak Negligible air leak 
Constraints Geological 
requirements 
Thermal energy loss 
and air leak 
No Geological 
requirement, less 
thermal energy loss 
and air leak 
 
5.3 Exergy analysis  
Due to the irreversibility existing in real processes, entropy is generated, and exergy is 
destroyed. In general, exergy destruction can provide useful information to find out the 
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bottleneck system component in the design of a whole system. Therefore, it is important to 
investigate the exergy destruction of the major components in a PHCA system. 
Figures 5.8 and 5.9 show variations of exergy destruction per unit volume of the vessel 
for the pump and hydro turbine, respectively. The storage pressure varies from 4 to 16 MPa 
and the pump and hydro turbine efficiencies vary from 0.65 to 0.95. In each figure, both 
isentropic and isothermal air compression/expansion processes are studied, and the pre-set 
pressure is 2 MPa. In general, the trends of exergy destruction for the pump and hydro turbine 
are similar. The amount of destroyed exergy in both pump and hydro turbine increases as the 
storage pressure increases. This increase strongly depends on the efficiency of the component. 
Utilizing a high-efficiency pump/hydro turbine can dramatically reduce the exergy destruction 
for the pump and hydro turbine. In other words, it can improve the PHCA system efficiency 
and make the system more cost-effective. Furthermore, the results reveal that, when storage 
pressure changes, there is no significant difference in exergy destruction in the pump and hydro 
turbine between an isothermal or isentropic air compression/expansion.  
Figures 5.10 and 5.11 present the effect of vessel pre-set pressure on the magnitude of 
exergy destruction during charging and discharging processes for the isentropic and isothermal 
air compression/expansion processes. The storage pressure remains at 10 MPa. As the pre-set 
pressure increases from 0.6 to 4 MPa, the exergy destruction firstly increases in both pump and 
hydro turbine until it reaches a peak value and then the change in exergy destruction becomes 
negligible as the pre-set pressure continues increasing after the peak value. This tendency is 
more pronounced at the low isentropic efficiency. At a high efficiency, the change in exergy 
destruction versus pre-set pressure is generally negligible. The results also show that more 
exergy is destroyed in the pump or hydro turbine when the air compression/expansion process 
in the storage vessel is isothermal. This is mainly because more water is pumped into the vessel 
and hence more energy is stored for the isothermal air compression process in the vessel. 
Furthermore, for both pump and hydro turbine, the exergy destruction decreases as the 
efficiency of the pump and hydro turbine increases. This is consistent with the common practice 
that high efficiency of the pump and hydro turbine will always be desired to improve the overall 
system efficiency of the PHCA system. 
Chapter 5: Pumped Hydro Compressed Air Analysis, Results and Discussion  107 
 
 
 
 
(a) Isentropic compression process 
 
(b) Isothermal compression process 
Figure 5.8 Pump exergy destruction versus storage pressure under two air compression 
processes in the vessel 
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(a) Isentropic expansion process 
 
(b) Isothermal expansion process 
Figure 5.9 Hydro turbine exergy destruction versus storage pressure under two air expansion 
processes in the vessel 
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(a) Isentropic compression process 
 
(b) Isothermal compression process 
Figure 5.10 Pump exergy destruction versus pre-set pressure at the storage pressure of 10 
MPa under two air compression processes 
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(a) Isentropic expansion process 
 
(b) Isothermal expansion process 
Figure 5.11 Hydro turbine exergy destruction versus pre-set pressure at the storage pressure 
of 10 MPa under two air expansion processes 
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Figure 5.12 shows the exergy destruction in the storage vessel. As the storage pressure 
increases, the exergy destruction increases. However, the results show that the exergy 
destruction in the storage vessel is insignificant. This is mainly because that most of the stored 
energy can be effectively converted into mechanical work. Both isentropic and isothermal 
processes have no irreversible losses. However, in the storage vessel, the heat transfer inside 
the vessel is very complicated, which substantially affects the air compression process and 
hence the PHCA system performance as shown in figure 5.5. This requires a comprehens ive 
three-dimensional computational simulation that will be conducted next in this chapter.   
It is important to realise which component has high exergy destruction and so is a design 
bottleneck for a PHCA system. Figure 5.13 shows the distribution of exergy destruction in the 
pump, hydro turbine and storage vessel. The efficiency of the pump and hydro turbine is set to 
the same value of 0.75. Also, the pre-set pressure is 2 MPa, and the air compression/expans ion 
process in the vessel is assumed to be isentropic. As discussed in the above section, if the 
storage pressure increases, exergy destruction increases in all system components and hence 
the total exergy destruction increases. It shows that the exergy destruction in the pump is much 
higher than that in the hydro turbine. For instance, at a storage pressure of 10 MPa, exergy 
destruction in the pump is 0.97 MJ/m3 (about 57% of the total exergy destruction) while it is 
only 0.73 MJ/m3 (42% of the total exergy destruction) for the hydro turbine. This indicates that 
a higher portion of energy is wasted in the pump than in the hydro turbine. In practice, the 
efficiency of the pump is normally lower than that of the hydro turbine due to the nature of the 
losses in the two components. This means that the pump exergy destruction can be even higher 
than that of the hydro turbine. Therefore, the pump is the most important component that affects 
the overall efficiency of a PHCA system. A highly-efficient pump is firstly desired to improve 
the system performance. Meanwhile, the hydro turbine also shows substantial exergy 
destruction. Increasing the efficiency of the hydro turbine will also reduce exergy construction 
as discussed in figure 5.9 in the above section. Study to improve the efficiency of the hydro 
turbine is another important research topic. This figure also reveals that the difference in exergy 
destruction between the pump and the hydro turbine gets larger as the storage pressure 
increases. As for the exergy destruction in the vessel, the value is small due to the reasons 
mentioned above. However, as shown in figure 5.5, heat transfer between air and water, and 
between air and surrounding environment substantially affects the air compression process and 
hence affects the amount of energy stored. Therefore, it is also important to investigate further 
the thermal characteristics inside the storage vessel.   
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(a) Isentropic air compression process 
 
(b) Isothermal air compression process 
Figure 5.12 The vessel exergy destruction versus storage pressure under two air compression 
processes 
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Figure 5.13 Distribution of exergy destruction in different components vs the storage pressure 
5.4 Numerical Analysis 
5.4.1 Phase and Temperature Contours  
Figures 5.14 to 5.16 show phase and temperature contours in the storage vessel for low, 
medium and high charging flow rates of 2.5 lit/s, 10 lit/s and 20 lit/s, respectively, when the 
pre-set pressure is 2 MPa and storage pressure is 10 MPa. Phase contours show distribution of 
the water volume fraction in the storage vessel. The area with volume fraction 1 is filled with 
water and the area with the volume fraction 0 is filled with the air. In these figures, the contours 
are presented at three instantaneous snapshots at the beginning, middle and end of the charging 
process. Figure 5.14 shows that at a given inflow rate of 2.5 lit/s, the flow has a laminar pattern 
during the whole pumping mode. This laminar flow results in an almost regular stratified 
distribution of the air temperature when its minimum is at the air-water interface. By moving 
away from this interface, the air temperature increases. As it is shown in figure 5.15, by 
increasing the inflow rate to 10 lit/s, the flow becomes more turbulent specifically at the inlet 
of the vessel. The flow and temperature distribution become stabilized when the charging mod e 
is continued. A sample of this stabilized flow is shown at time 11 sec. For this storage vessel, 
it takes 22 sec. to raise the vessel pressure from 2 MPa to 10 MPa. At the end of air 
compression, the maximum air temperature is 358 K which its region is a small area at the top 
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corner of the vessel. When the inflow rate increases to 20 lit/s, figure 5.16, a high speed, 
turbulent water flow travels through the chamber centreline at the beginning of pumping 
process. A turbulent flow pattern is also noticed at later times as the inflow rate is quite large. 
This high turbulence causes some air bubbles to be entrained into the water. These bubbles 
might damage the hydroturbine blades during the power generation process. Therefore, it is 
essential to employ an air trap at the outlet of the chamber to separate the entrained air bubbles 
from water before water is released into the hydroturbine. Figures 5.14 to 5.16 also reveal that, 
for different intake flow rates, the air temperature distribution is almost stratified with no 
considerable temperature gradient in the radial direction.  
Figures 5.17 and 5.18 illustrate the instantaneous snapshots of the phase and temperature 
contours for two water outflow rates of 10 lit/s and 20 lit/s, respectively. These contours are 
presented for the beginning, middle and end of the discharging. These figures reveal that, unlike 
the air compression, air temperature contours during the air expansion are non-stratified and 
irregular with an intense temperature gradient in the radial direction. When expanding, a region 
is appeared in the chamber with a very low temperature. For instance, its temperature in the 
middle of discharging drops to 237 K and 229 K when the outflow rate is 10 lit/s and 20 lit/s, 
respectively. However, the air temperature near the moving interface is close enough to the 
water temperature. Therefore, the water solidification does not occur when expansion. These 
figures also show that turbulence of the flow in the vessel is not noticeable during expansion 
even at high discharging flow rates. 
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Figure 5.14 Phase and temperature contours when Q in=2.5 lit/s  
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Phase Contours               Temperature Contours       
           
Time = 1 sec. 
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Time = 22 sec. 
Figure 5.15 Phase and temperature contours when Q in=10 lit/s 
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Figure 5.16 Phase and temperature contours when Q in=20 lit/s 
Chapter 5: Pumped Hydro Compressed Air Analysis, Results and Discussion  118 
 
 
 
  Phase Contours              Temperature Contours       
                      
Time = 1 sec. 
                      
Time = 11 sec. 
                       
Time = 22 sec. 
Figure 5.17 Phase and temperature contours when Qout=10 lit/s 
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Figure 5.18 Phase and temperature contours when Qout=20 lit/s 
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5.4.2 Thermal Performance 
Figure 5.19 shows cyclic variations of the bulk air temperature for the inflow rate of 5 
lit/s when the storage pressure is 16 MPa and pre-set pressure is 2 MPa. When water is pumped 
into the vessel, the air is compressed and its temperature increases. The air thermal energy is 
then transferred to its cold surroundings. At the beginning of pumping process, the increase in 
the air internal energy is higher than the heat transfer rate from the air to its surrounding 
environment. Therefore, the bulk air temperature increases. By keep compressing the air in the 
vessel, the rate of heat transfer from air increases. When it becomes larger than the rate of 
increase in the air internal energy, the bulk air temperature starts to decrease. It happens when 
water level in the vessel goes beyond a specific value, in this case, around 60% of the vessel 
volume. When discharging starts, the vessel pressure is quickly reduced which leads to a rapid 
drop in the bulk air temperature. This drop in the air temperature is more considerable at higher 
discharging flow rates. Hence, the temperature difference between air temperature and 
surroundings, i.e. water and vessel wall, becomes quite large. The heat energy is then 
penetrated into the air from its warmer environments reducing the temperature difference 
between air and the surroundings. Therefore, the air temperature is stabilised and begins to 
slightly increase. To reveal the importance of heat transfer during air compression/expans ion, 
variations of the air temperature through an isentropic air compression/expansion are also 
demonstrated in this figure. As it can be seen, if there is no heat transfer between air and its 
surroundings, the air temperature variations during air compression or expansion are very 
intense and the temperature can reach up to 540K at the end of compression. These sharp 
changes would seriously damage the storage vessel. 
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Figure 5.19 Cyclic air temperature for the isentropic state and for charging flow rate of 5 lit/s 
and its corresponding outflow rates  
Figure 5.20 shows variations of the heat transfer coefficient during air compression under 
various input flow rates. The storage pressure is 10 MPa and pre-set pressure is 2 MPa. This 
figure indicates that the heat transfer coefficient is low at the beginning of compression. This 
low coefficient results in the increase in the bulk air temperature, as it was shown in figure 
5.19. When water volume in the vessel is raised, the vessel pressure increases, as it is illustra ted  
in figure 5.22. This increase in the vessel pressure is directly proportional to the water inflow 
rate. By increasing the vessel pressure, density of the sealed air rises according to the ideal gas 
equation of P RT= . Increase in the air density results in increase in Re number of the flow 
inside the storage vessel. As a result, the heat transfer from air to its surroundings is raised. By 
keep increasing the water volume, the vessel pressure and hence the heat transfer coefficient 
rapidly grows. This harsh increase in the heat transfer coefficient justifies the decrease in the 
air temperature when the water travel is high enough (figure 5.19). Figure 5.20 also shows that 
at a given water volume in the vessel, the higher the input flow rate, the larger the Re number 
and hence the higher the heat transfer coefficient.    
Figure 5.21 shows variations of the heat transfer coefficient between air and its 
surroundings when the air is expanded with different outflow rates at charging flow rate of 
10inQ =  lit/s and pre-set pressure of 2 MPa. The air expansion immediately starts when the air 
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compression is finished. When the expansion mode begins, the vessel pressure decreases 
sharply (figure 5.22) which results in decrease in the air density and hence Re number of the 
flow inside the vessel. Therefore, the heat transfer coefficient promptly drops to become stable 
and remain almost unchanged until the end of expansion.  
 
Figure 5.20 Compression heat transfer coefficient for different inflow rates 
 
Figure 5.21 Expansion heat transfer coefficient for different outflow rates  
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Figure 5.22 Cyclic pressure distributions for various flow rates  
Figure 5.23(a)-(b) shows the change of overall polytropic index of the air compression 
for different water inflow rates for a wide range of the pre-set pressure and storage pressure, 
respectively. At lower input flow rates in given pre-set and storage pressures, thermal energy 
of the air is transferred more to its cold surroundings so that the air internal energy and 
temperature do not change too much. Thus, the air compression process moves towards the  
isothermal process and its polytropic index approaches 1. Also, by raising the pre-set pressure 
at a given input flow rate, less water is needed to fill the gap between the pre-set pressure and 
storage pressure. Therefore, water travel in the vessel decreases. As it was discussed above, the 
heat transfer coefficient is not considerable at low values of the water travel. Therefore, the air 
internal energy and temperature increase more rapidly shifting the air compression from an 
isothermal to an adiabatic process. As a result, the polytropic index rises as it is indicated in 
figure 5.23a. On the other hand, by raising the storage pressure, water travel in the vessel 
increases as more water is required to be pumped into the vessel. It was shown that at high 
values of the water travel, the rate of heat transfer from air to its surroundings increases. This 
heat transfer is higher than the increase in the air internal energy. Therefore, the bulk air 
temperature starts to decrease, and the overall air compression is shifted to an isothermal 
process with a polytropic index close to 1, as it is shown in figure 5.23(b).      
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(a) 
 
(b) 
Figure 5.23 Overall polytropic index of air compression versus (a) pre-set pressure (b) 
storage pressure 
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Figure 5.24 (a)-(b) illustrates the polytropic index of an air expansion process for output flow 
rates of 2.5, 5, and 10 lit/s and different values of the pre-set pressure and storage pressure. 
Similar to air compression, this figure shows that if the pre-set pressure increases, the 
polytropic index rises. However, by increasing the storage pressure, this index is reduced. It is 
also shown by comparing figures 5.23 and 5.24 that polytropic index of an air expansion is 
higher than that of an air compression in similar operating conditions. It means that the air 
compression with a constant inflow rate is more efficient than the air expansion with a constant 
output flow rate. This finding is in accordance with figures 5.17 and 5.18 which indicated that 
air temperature variations during expansion are considerably large. Therefore, applying a 
constant input flow rate resembles an optimised compression trajectory more than the case in 
which the air is expanded with a constant outflow rate. Study to figure out the most optimised 
compression/expansion trajectory in a PHCA energy storage system is another important 
research topic which will be conducted in another article.  
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(b) 
Figure 5.24 Overall polytropic index of air expansion versus (a) pre-set pressure (b) storage 
pressure 
5.4.3 Input and Output Works 
In figure 5.25(a)-(b), the effect of pre-set pressure on the input/output works as well as 
the energy storage level in the storage vessel is presented for input flow rate of 5 lit/s and output 
flow rates of 2.5, 5, and 10 lit/s. The results are obtained when the storage pressure is 10 MPa. 
This figure shows that when the pre-set pressure rises, the input/output works and the energy 
storage level increase. This increase is continued up to the optimum pre-set pressure at which 
the works and energy storage are maximised. However, as the pre-set pressure goes beyond the 
optimum point, the works and stored energy start to decrease. It is because that by raising the 
pre-set pressure from 1 MPa, the sealed air mass in the storage vessel and also the final air 
volume at the end of charging increase. Thus, the input/output works and the energy storage 
level increase. However, increasing the pre-set pressure causes less water to be pumped into 
the vessel to fill the gap between the pre-set pressure and storage pressure. The less the pumped 
water, the lower the works and stored energy. Therefore, the optimal pre-set pressure is a trade-
off between the air mass and final air volume with the amount of pumped water in the storage 
vessel. Also, these figures reveal that by increasing the inflow/outflow rates, the input/output 
works and also energy storage level in the PHCA decrease. It is because that when the 
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inflow/outflow rate is raised, less amount of heat is transferred between air and its 
surroundings, specifically water. Therefore, the air compression/expansion processes are 
shifted from the isothermal to isentropic mode. For instance, at pre-set pressure of 2 MPa, the 
generated work for discharging flow rate of 2.5 lit/s is 2.87
3
MJ
m
(figure 5.25(a)). However, when 
the outflow rate increases to 40 lit/s, this work is reduced to the 2.23
3
MJ
m
 (figure 5.25(b)) which 
is a 22% reduction in comparison with 2.5 lit/s.  
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(b) 
Figure 5.25 Input/output works and the energy storage level versus pre-set pressure for (a) 
Qin= 5 lit/s (b) (a) Qin= 20 lit/s  
Figure 5.26(a)-(b) shows variations of the input/output works and the energy storage 
level in the storage vessel under different values of the storage pressure when the pre-set 
pressure is 3 MPa. The input flow rate is 5 lit/s and output flow rates are 2.5, 5, and 10 lit/s. 
When the storage pressure rises at a given pre-set pressure, both input and output works as well 
as the energy storage level increase. This increase can be unravelled through the concept of 
pumped hydro. When water is pumped into a vessel, it is pressurised in the vessel. Therefore, 
a virtual dam is built between the interior of the vessel and the water reservoir. The higher the 
storage pressure, the higher the height of this virtual dam and, therefore, the greater the 
input/output works and the energy storage level. This figure also shows that the difference 
between the input work and stored energy is quite large at low storage pressures. If the storage 
pressure increases, this difference is reduced. This phenomenon infers that at a given intake 
flow rate, the air compression approaches the isothermal process if the storage pressure is 
raised. Moreover, this figure indicates that if the outflow rate is lowered from 10 lit/s to 2.5 
lit/s, the generated work is improved. It is also revealed by comparing the results that if the 
flow rate is lowered, the level of stored energy and output work are improved. For instance, at 
a given storage pressure of 16 MPa, the storage vessel can store an energy of 4.87 
3
MJ
m
 when 
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the inflow rate is 5 lit/s (figure 5.26(a)). However, if the intake flow rate increases to 20 lit/s, 
the stored energy is reduced to 4.69 
3
MJ
m
(figure 5.26(b)). 
 
(a) 
 
(b) 
Figure 5.26 Input/output works and the energy storage level versus the storage pressure for 
(a) Qin= 5 lit/s (b) Qin= 20 lit/s  
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Figures 5.27 and 5.28 show the effect of water inflow rate on the storage power density 
for a wide range of pre-set pressure and storage pressure, respectively. It was shown before 
that the storage power density depends on the energy storage level in the vessel and air 
compression time. It was also revealed earlier that when the water inflow rate increases, both 
the air compression time and stored energy in the vessel decrease. The decrease in the 
compression time is more dominant than the reduction in the energy storage level. As a result, 
the power density is improved when the water inflow rate is raised. For instance, if the flow 
rate into the vessel increases from 2.5 lit/s to 20 lit/s at a pre-set pressure of 4 MPa, the power 
density rises from 55.45 
3
KW
m
 to 475.23 
3
KW
m
which shows an improvement of almost nine 
times. These figures also unravel that if the vessel pre-set pressure or storage pressure is raised 
at a given water inflow rate, the power density increases. This increase is more noticeable at 
higher intake flow rates.      
 
Figure 5.27 Storage power density versus pre-set pressure 
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Figure 5.28 Storage power density versus storage pressure  
5.4.4 Vessel Overall Efficiency  
The storage vessel is a determining component of the PHCA energy storage system 
which operates as a liquid piston air compressor/expander. Figures 5.29 and 5.30 present the 
overall vessel efficiency for charging flow rates of 5 lit/s and 20 lit/s, respectively, and their 
corresponding outflow rates. For each flow rate, the effect of the pre-set pressure and storage 
pressure on the vessel efficiency is obtained. The presented results reveal that, at given pre-set 
and storage pressures, the vessel efficiency increases when the input or output low rate 
decreases. This finding is in accordance with previous results. By lowering the input/output 
flow rate, the air compression/expansion approaches the isothermal process. Therefore, the 
energy storage level and output work are improved which results in improvement of the vessel 
overall efficiency. When the input or output flow rate increases, less heat energy is transferred 
between air and its surroundings and the air compression or expansion are shifted towards the 
adiabatic process. Hence, the overall efficiency is reduced. For instance, for the inflow/outflow 
rate of 5 lit/s when the pre-set pressure is 2 MPa, the overall efficiency is 86.6%. However, if 
the flow rate is raised to 20 lit/s, the efficiency drops to 79%. These figures also reveal that 
when the pre-set pressure increases in a given flow rate, the overall efficiency deceases. It is 
because that the higher the vessel pre-set pressure, the higher the polytropic index and the 
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closer the air compression/expansion to the adiabatic process. On the other side, when the 
vessel storage pressure is raised, the efficiency is improved as the air compression and 
expansion processes approach the isothermal process.          
 
(a) 
 
(b) 
Figure 5.29 Overall storage vessel efficiency versus (a) pre-set pressure (b) storage pressure 
when Qin= 5 lit/s and its corresponding outflow rates  
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(a) 
 
(b) 
Figure 5.30 Overall storage vessel efficiency versus (a) pre-set pressure (b) storage pressure 
when Qin= 20 lit/s and its corresponding outflow rates 
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When water is pumped in or flows out of the storage vessel, an amount of exergy is 
destructed because of the frictional and thermal energy losses. By conducting a numerica l 
simulation, more realistic data about exergy destruction is obtained. Figures 5.31 and 5.32 show 
the exergy destruction in the storage vessel for inlet flow rates of 5 lit/s and 20 lit/s, 
respectively. The results are presented under various values of the pre-set and storage pressures. 
In these figures, exergy destruction is evaluated as the difference between total input and output 
works. It is indicated that when the outflow rate increases at a given inflow rate, more exergy 
is destroyed in the storage vessel since less portion of the stored energy is converted to the 
output work. Moreover, these figures show that if the pre-set pressure increases at a given 
inflow/outflow rate, the destructed exergy in the vessel increases. However, the storage 
pressure does not significantly change the amount of destructed exergy in the storage vessel. 
When the storage pressure rises, more water is pumped in or released out of the vessel which 
results in increase in the exergy loss component due to the frictional effects. On the other hand, 
it was previously shown that by increasing the storage pressure, the polytropic index of air 
compression/expansion approaches one. As a result, the exergy loss component due to the 
thermal energy loss is reduced. Therefore, the sum of exergy loss components by the friction 
and thermal energy losses remains almost unchanged when the storage pressure increases. 
Furthermore, comparing the obtained results in figures 5.31 and 5.32 reveal that if the inflow 
and outflow rates increase, more exergy is destroyed in the storage vessel. For instance, at a 
given pre-set pressure of 3 MPa, the destructed exergy is 0.563 
3
MJ
m
 when the inflow and 
outflow rates are 5 lit/s. If the flow rate is raised up to 20 lit/s, 0.837 
3
MJ
m
  of exergy is destroyed 
which shows an increase of 48.6 %.             
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(a)  
 
(b) 
Figure 5.31 Vessel exergy destruction versus (a) pre-set pressure (b) storage pressure when 
Qin= 5 lit/s and its corresponding outflow rates 
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(a)  
 
(b)  
Figure 5.32 Vessel exergy destruction versus (a) pre-set pressure (b) storage pressure when 
Qin= 20 lit/s and its corresponding outflow rates 
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It was shown before through the thermodynamic analysis that the actual energy storage 
level in a PHCA system is bounded by isothermal and isentropic air compression in the storage 
vessel. The energy storage level in the storage vessel is maximised when the air compression 
is isothermal and is minimised when the air compression is isentropic. However, the 
thermodynamic model was not able to unravel the effect of water inflow rate on the amount of 
stored energy. This effect is figured out by conducting the numerical simulation. Figure 5.33 
compares the energy storage level between two actual air compressions represented by water 
inflow rates of 5 lit/s and 20 lit/s and isothermal and isentropic air compression. The results are 
presented under various pre-set and storage pressures. As it is shown in this figure, when the 
water inflow rate in an actual process decreases at a given pre-set or storage pressure, more 
energy is stored in the PHCA system. This is because that at low water inflow rates, more heat 
energy is transferred between air and its surroundings and therefore the actual air compression 
approaches the isothermal process. By raising the water flow rate, the rate of heat transfer 
decreases and the air compression approaches the adiabatic process. As a result, the energy 
storage level decreases.      
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(b) 
Figure 5.33 Comparison of energy storage level versus (a) pre-set pressure (b) storage 
pressure  
5.5 Concluding Remarks  
In chapter 4, a thermodynamic model was developed to investigate the thermodynamic 
behaviour of different components of the PHCA system under two extreme isentropic and 
isothermal air compression/expansion modes in the storage vessel. It was found in the current 
chapter that the heat transfer mode in the storage vessel can significantly impact performance 
of different components of the PHCA system. It was also found through the exergy model that 
this heat transfer mode can affect the amount of exergy destruction in the PHCA system. To 
study the effect of heat transfer mode in the storage vessel in deep details, a comprehens ive 
mathematical model was developed to simulate the flow and heat transfer under different 
modes of heat transfer during air compression/expansion in the storage vessel. The results were 
presented for a wide range of key parameters which include the pre-set pressure, storage 
pressure, isentropic efficiencies of the pump and hydro turbine, and water inflow/outflow rates.  
It was shown that the actual energy storage level in the vessel is bounded by two extreme 
isothermal and isentropic air compression in the vessel. The lower the water inflow rate, the 
higher the heat transfer between air and its surroundings. Therefore, the actual air compression 
approaches the isothermal air compression and more energy is stored in the PHCA system.  
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Chapter 6: Conclusion 
6.1 Summary  
Energy storage technologies have a wide range of applications. One of the most important 
areas is to facilitate the integration of renewable energy resources. When coupled to renewable 
energy resources, an energy storage system is expected to offer a controllable and flexib le 
electricity output from modern power systems. It is, therefore, crucial to develop a reliable, 
highly efficient energy storage system. 
Amongst all different types of energy storage approaches, compressed air energy storage 
(CAES) system can offer large power and energy capacity, high cycle life and fast response 
time. One of the major drawbacks of conventional CAES systems is their low cycle energy 
efficiency due mainly to large energy loss when the system operates. During the last years, the 
structure of CAES system evolved and new categories were developed to improve the system 
efficiency.  
Adiabatic CAES (A-CAES) system is one of the main types of the CAES system. In 
actual cyclic operation of an A-CAES system, air temperature and pressure don’t remain 
constant – in particular during the expansion process when air flows out of the cavern. These 
temperature and pressure variations substantially affect the A-CAES system performance. In 
this research, a comprehensive thermodynamic model was first developed to evaluate the 
dynamic behaviour of a low-temperature A-CAES system based on real geometric data from 
the Huntorf CAES plant. This model was validated using data reported in the literature. A 
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sensitivity analysis was further performed to investigate the effects of governing parameters on 
performance of the proposed system. In this research, governing parameters include: air mass 
flow rate in compressors/expanders; stage numbers of compression/expansion; cavern storage 
pressure; cavern initial pressure; water flow rate in compression heat exchangers; and 
compressor isentropic efficiency. The heat recovery efficiency and cycle efficiency of the 
system were used as a performance index to evaluate dynamic performance of the system under 
different operating conditions. The conducted analysis showed that the A-CAES system suffers 
from inherent low efficiency and performance and, therefore, it is not able to well integrate 
with the Australia energy storage market. 
To make use of advantages of CAES and umped Hydro and also resolve the issue of 
CAES low efficiency, working principles and configuration of a new Pumped Hydro and 
Compressed Air (PHCA) energy storage system was developed. A comprehens ive 
thermodynamic and exergy model was developed to investigate performance of the PHCA 
system under two extreme isentropic and isothermal air compression/expansion in the storage 
vessel. The thermodynamic model was first used to identify governing parameters of the PHCA 
system and investigate their effects on main characteristics of the system. The identified 
governing parameters include the pre-set pressure, storage pressure, air compression/expans ion 
mode in the storage vessel, and pump/hydro turbine efficiency. It was shown that the system 
performance is characterised by the pump power consumption, energy storage level in the 
vessel, work output from the turbine, overall system efficiency, and the exergy destruction in 
the pump and hydro turbine. Then, the exergy model was applied to evaluate exergy destruction 
at each system component to identify the design bottleneck.  
In a PHCA energy storage system, energy is stored in a storage vessel. Hence, 
performance of the storage vessel directly affects practicality and applicability of the PHCA 
system. However, the thermodynamic and exergy model was not able to well evaluate 
operational behaviour of the storage vessel. Thus, a comprehensive numerical model was 
developed to simulate the dynamic flow and heat transfer between the compressed air and 
pressurized water in a three-dimensional storage vessel. The multiphase Volume of Fluid 
(VOF) and turbulence k −  models were employed in this study. The results were obtained 
for one continuous operational cycle of the PHCA system. These results were presented for a 
wide range of governing parameters including the pre-set pressure, storage pressure, and 
charging and discharging flow rates. 
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The PHCA system developed in this project will be able to eliminate the disadvantages 
of both Pumped Hydro and CAES systems and integrate their advantages such as high 
efficiency in PH system and independence of geologic requirements in CAES system. The 
presented results in this thesis provide researchers and engineers with useful information for 
the system design and optimization. Moreover, these results offer guidance in primary PHCA 
design based on the grid requirements and limitations. These results also provide a good 
understanding of performance of the storage vessel as the essential component of the PHCA 
system under different operating conditions.  
6.2 Main Outcomes    
Main outcomes and contribution of the thesis are summarised as follow: 
6.2.1 A-CAES Analysis   
- Temperature and pressure variations of the air when it flows out of the cavern 
substantially affects the performance and operating behaviour of the A-CAES system. 
- Comparing the results between the dynamic analysis and stable model in the literature 
showed that predicted data from the dynamic analysis are much lower than those 
obtained from the stable model. 
- Final cavern air temperature and system efficiency is largely affected by the compressor 
flow rate. As the air compressor flow rate increases from 30 to 70 kg/s, the final cavern 
air temperature increases from 366 to 426 K, whilst the system efficiency drops from 
0.335 to 0.316. This provides a limit for the compressor flow rate according to cavern 
safety, reliability and system efficiency. 
- During the expansion process, the air temperature drops over time, which substantia l ly 
affects the work output from each expander irrespective of heat recovery.  
- System efficiency and heat recovery efficiency are determined by the expander flow 
rate. As the expander flow rate increases from 40 to 160 kg/s, the cycle efficiency drops 
from 0.35 to 0.31, and heat recovery efficiency drops from 33.2% to 20.4%.  
- Storage pressure reduces compression exergy efficiency and improves expander exergy 
efficiency. It reduces overall system efficiency relatively by 11% and has no effect on 
heat recovery efficiency as the storage pressure increases from 50 to 90 bars. 
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- The effect of initial pressure on compression exergy efficiency decreases as the initia l 
pressure increases. It is recommended that practical initial pressure be higher than 25 
bars for a low temperature A-CAES system. 
- Increasing the number of compression and expansion stages has a positive effect on the 
system efficiency. However, this effect is negligible if the number of stages increases 
beyond four. 
6.2.2 PHCA Analysis   
- As the storage pressure increases, the pump energy consumption increases. Also, by 
increasing the storage pressure, the energy storage level in the storage vessel increases 
since the air can be further compressed in higher storage pressures and hence the hydro 
turbine power generation is improved.  
- An optimal pre-set pressure was identified at each specific storage pressure in which 
the energy storage is maximised.  
- The PHCA system has better system efficiency if the polytropic expansion constant is 
smaller than the polytropic compression constant in air storage vessel during the energy 
charging and discharging processes.  
- About 10% more energy was stored in the storage vessel under an isothermal air 
compression process and 14% more energy was generated by the hydro turbine under 
an isothermal air expansion process in the storage vessel.   
- It was figured out that if the storage pressure increases from 4 to 16 MPa, the exergy 
destruction in the pump and hydro turbine increases under the different pump and hydro 
turbine efficiencies. This increase was more substantial if the efficiency of the pump 
and the hydro turbine is low. 
- The pre-set pressure showed a significant effect on the distribution of exergy 
destruction in both pump and hydro turbine at low component efficiencies. However, 
this effect was not significant at high component efficiencies.  
- Analysis of the exergy destruction distribution showed that the pump accounted for the 
largest exergy destruction (57% of the total exergy destruction). This indicated that the 
pump is the most important component in the design of a PHCA system. 
- When water pumping into the storage vessel was continued, the heat transfer coefficient 
from air to water and vessel walls increased.   
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- When the inflow/outflow rate increased, polytropic index of the air 
compression/expansion was raised. Thus, energy storage level in the vessel and the 
output work were reduced resulting in reduction in the overall vessel efficiency.  
- When the inflow rate increased, the power density was improved. The higher the power 
density, the lower the size and cost of the PHCA unit to fulfil the power requirements. 
- By decreasing the inflow/outflow rate, polytopic index of the air 
compression/expansion decreased and the stored energy, output work and the vessel 
efficiency were improved. However, the system power density was reduced.  
- It was figured out that there is an optimum trade-off between the overall vessel 
efficiency and the power density.  
- It was shown that if the vessel pre-set pressure increases, the storage power density is 
improved; however, the efficiency decreases.  
- If the vessel storage pressure increased, both storage power density and the vessel 
efficiency were improved. However, by raising the storage pressure, building and 
maintenance cost of the vessel increases, and its safety issues become more challenging.  
- By increasing the flow rate, the exergy destruction in the storage vessel increases.  
- When the pre-set pressure increases, more exergy is destroyed in the storage vessel. 
However, change of the storage pressure does not significantly affect exergy 
destruction in the vessel.  
6.3 Suggestion for Future Research 
The PHCA system is on the preliminary stage of development. The following research 
suggestions are made to more explore main characteristics of this new energy storage system.   
6.3.1 Experimental Study of the PHCA System  
An experimental study should be developed to first validate the thermodynamic and 
numerical models. Extensive experiments should be conducted next to better understand the 
effect of key parameters including storage pressure, pre-set pressure, air 
compression/expansion mode, and inflow/outflow rates on the input/output work, energy 
storage level, and efficiency of the system.  
As the numerical analysis showed, if the inflow or outflow rate increases, the vessel 
power density increases. However, more exergy is destroyed in the storage vessel and the 
system efficiency is reduced. One way to improve the effic iency at high input or output flow 
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rates is to increase heat transfer in the storage vessel via injecting liquid droplets into the air. 
Therefore, some experiments should be conducted to study the effect of droplet injection on 
performance of the PHCA system. These experiments should reveal the optimum mass loading 
and size of the liquid droplets at which the air compression/expansion most approaches 
isothermal process and the system efficiency is maximised. During experiments, temperature 
variations of the storage vessel should be monitored with time to estimate heat transfer rate 
between air and its surroundings and evaluate thermal energy losses from the system. Another 
way to augment the heat transfer is to insert porous media inside the storage chamber. Same 
experiments should be performed to evaluate the effectiveness of porous inserts on increase of 
heat transfer rate in the storage vessel and hence performance of the PHCA system. 
6.3.2 Optimization of the PHCA System Design  
Through the experimental study, the simulation model can be validated and then used for 
system optimization. Optimization of the PHCA system involves optimization of system 
components including storage vessel, hydroturbine, and integration of the components. For the 
storage vessel, the compression/expansion process should be as close to isothermal process as 
possible to minimize the energy loss. Hence, auxiliary methods such as injecting water droplets 
into the air are employed to increase the heat transfer between air and its surroundings. The 
water droplets exchange energy with the compressed air and therefore the air temperature is 
made close to isothermal in the compression/expansion process. Thus, the optimal mass 
loading, size, and temperature of liquid droplets will largely affect energy loss in the storage 
vessel. Optimization of the hydroturbine is also important. The hydroturbine performance 
varies with the storage pressure. Hence, the experimental data might be quite helpful to select 
an efficient hydroturbine. It is also important to explore the most optimized integration of the 
components employed in a PHCA system based on the specific requirements and working 
conditions in the renewable energy sector.  
 
 
 
 
 
 
Appendix I 146 
 
 
 
 
 
 
 
 
 
Appendix I: Selection of the Pump and Hydro turbine 
The pump and hydroturbine should present the highest performance when operating in the 
pressure range of a PHCA system. Selecting a highly efficient pump and hydroturbine reduces 
the greenhouse gas emissions and life cycle cost which include maintenance cost, energy cost, 
and initial cost. Also, it makes the pumping/power generating system closely match with 
energy storage and grid requirements.  
1. Pump 
There are different types of pumps to meet specific requirements of flow rate and system 
head. Various elements have to be considered when selecting a pump such as the pump 
efficiency, pump inlet conditions, pressure differential across the pump, operational point, and 
life cycle cost. Pumps are generally classified in two main categories based on their operation 
principles and the way the energy is added to the fluid:  
- Rotodynamic pumps speed up the fluid through a rotating impeller, propeller or rotor and 
convert the kinetic energy to pressure. Main types of rotodynamic pumps include the 
centrifugal, peripheral and special. 
- Positive displacement pumps squeeze the fluid directly through a reciprocating plunger, 
piston or diaphragm, or a rotary gear, screw or vane. Main types of positive displacement 
pumps include the reciprocating and rotary. 
Centrifugal pumps are amongst the most common and popular pump types in industry 
because they have good performance, low maintenance cost and long operating lives. 
Centrifugal pumps are generally divided into three classes: radial flow, mixed flow, and axial 
flow. Figure 1 compares these classes based on their head and capacity.  
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Figure 1. Range of application of different types of the centrifugal pump [169] 
Each centrifugal pump has a best efficiency point (BEP) at which the pump has the 
highest energy efficiency and lowest radial bearing loads and maintenance cost. If the BEP of 
the pump is close enough to the PHCA normal operational range, the pup maintenance cost is 
minimised.   
The pump performance is typically described by a performance curve. Figure 2 shows a 
sample of performance curve of a centrifugal pump. In this figure, the pressure differentia l 
generated by the pump between its inlet and outlet is plotted against the flow rate. When the 
pressure differential across the pump increases, the flow rate through the pump decreases 
accordingly.  The rate of this decrease is a function of the pump design and is an important 
factor in pump selection. Also, this figure shows simplified curves of the input power, 
efficiency of the pump, and the required net positive suction head (NPSHR) versus the flow 
rate. NPSHR is the total head at the pump inlet to prevent the water from cavitating.   
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Figure 2. Simplified characteristic curves of a centrifugal pump [169] 
Table 1 compares the efficiency of different types of pumps at different flow 
requirements.  
Table 1. Pump efficiencies at different flow rates [170] 
Flow (gpm) End Suction 
(Incl. vertical 
& 
close 
impeller 
types) (%) 
Horizontal 
/ Vertical 
split casing 
(centrifugal 
and 
close impeller 
types) (%) 
Vertical 
Multistage 
& Horizontal 
Multistage/Close 
Coupled (close 
impeller types) 
(%) 
Submersible 
(semi open 
and 
open impeller 
types (%) 
Processor 
Pump 
(open 
impeller 
types) 
(%) 
100 50-60 - 55-75 48-55 48-52 
110 - 250  65 - 75 73 - 76 68 - 75 48 - 55 48 - 52 
300 - 450  75 - 80 75 - 79 70 - 75 55 - 65 48 - 52 
460 - 600  78 - 82 75 - 79 - 55 - 65 48 - 52 
700 - 1000  80 - 85 78 - 82 - 65 - 72  48 - 52 
1100 - 1500  83 - 87 78 - 82 - 60 - 68 - 
1600 - 2500  83 - 88 78 - 83 - 60 - 70 - 
2600 - 3600 - 80 - 86 - 70 - 75 - 
3700 - 4000 - 82 - 86 - 75 - 80 - 
>5000 - 80 - 88 - 75 - 80 - 
 
2. Hydro turbine 
Hydro turbines are divided in three groups based on the way of their operation: 
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1. The impulse turbine which is driven by a high-velocity jet (or multiple jets) of water striking 
its blades. Main types of the impulse turbine include the Pelton, Turgo, and Crossflow.  
2. Reaction turbine which its rotating part (runner) is completely immersed in water and is 
enclosed in a pressure casing. The runner blade is designed so that the pressure difference 
across its surface imposes the lift force (similar to the principle used for airplane wings). This 
force causes the runner to turn/rotate. Main types of the reaction turbine include the Kaplan 
and Francis.  
3. Gravity turbine which is driven by the weight of water entering the top of the turbine. Water 
is released from the turbine bottom. The gravity turbine is inherently slow-running machine 
and mainly include the reverse Archimedes Screw.  
Selection of an appropriate hydro turbine depends upon the available water head and the 
available flow rate. Figure 3 summarises the approximate range of head, flow and power for 
different types of the hydro turbine. More accurate range depends on the precise design of the 
manufacturer.     
 
Figure 3. Operating range of various hydro turbines [4]  
Also, figure 4 shows typical efficiency curves of different turbines against the ratio of 
actual flow rate to the designed flow rate 
0Q . As this figure shows, Pelton and Kaplan turbines 
retain very high efficiencies when running below design flow. However, the efficiency of the 
Crossflow and Francis turbines decreases sharply if they operate at a flow rate which is below 
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of the half of the design flow. Also, it is figured out from this figure that most fixed-pitch 
propeller turbines perform poorly except above 80% of the full flow.  
 
Figure 4. Efficiency of different types of turbines versus the flow rate [171] 
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Appendix II: Thermodynamic and Exergy Analysis of an 
Advanced Adiabatic CAES System  
Among different types of CAES systems proposed so far, a high-temperature Adiabatic CAES 
system has the highest efficiency. In this appendix, a thermodynamic and exergy model is 
developed to study the operational behaviour of a one-stage high-temperature Adiabatic CAES 
(A-CAES) system. The thermodynamic model is used to unravel the thermal performance of 
main components of the system including the compressor and expander under different 
operating conditions. Also, the Second Law of Thermodynamics is applied to conduct the 
exergy analysis and identify the magnitude of irreversibility and thermodynamic inefficienc ies 
at major components of the system. In this appendix, the results are presented for a wide range 
of parameters including storage pressure and pre-set pressure as well as compressor and 
expander isentropic efficiencies.   
The following assumptions are made when developing the thermodynamic and exergy model: 
- Air is considered as an ideal gas. 
- Storage vessel is well insulated and there is no heat loss across the vessel. 
- Kinetic and potential energies as well as pressure loss in connection pipes are negligib le.  
-      Charging and discharging processes are at steady state. 
1. Description of the System Configuration   
A typical A-CAES plant consists of four major components: compressor, thermal energy 
storage (TES), storage vessel and expender. In an A-CAES system, the air is compressed by a 
compressor using off-peak, cheap electricity or the excess energy of renewable energy 
resources, such as a wind turbine or solar energy. At the compressor outlet, the heat of 
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compression is stored in TES for later use in expansion. The air compression process is 
continued until the air pressure in the vessel reaches up to the storage operational pressure. 
When electricity generation is required by the grid, the air is released from the storage vessel 
and pre-heated by the stored thermal energy in the TES before the expansion in the expander. 
During the power generation, the air pressure decreases with time. Therefore, after a while 
from beginning the expansion, the air pressure might be fall off the practical pressure range of 
the expander. This low air pressure degrades the expander efficiency and performance. In this 
study, the sealed air in the storage vessel is initially pre-pressurized up to a pressure which is 
called the pre-set pressure. The pre-set pressure provides the expander with a high operational 
pressure specifically at the end of the power generation mode.    
Figure 1 shows a schematic figure of a high-temperature A-CAES system. In this study, 
TES efficiency is 90% and its upper limit temperature is 600 °C.    
 
Figure1. Schematic of a high-temperature A-CAES system 
2. Thermodynamic Model 
2.1 Compressor  
Total input work to an ideal compressor ,c sW  to increase the vessel pressure from setP  to 
2P is calculated using the following equation,   
1
1 2 2
,
1 1
1
1
k
k
set
c s
f
PkVT P P
W
k P T T
− 
   = − −     −    
 
 (1) 
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in which, T1, P1, Pset, P2,V and k are the atmospheric temperature, atmospheric pressure, pre-
set pressure, compressor discharge pressure, total volume of the storage vessel, and isentropic 
index, respectively. The compressor discharge pressure is the same as the vessel storage 
pressure which is the maximum operational pressure of the system. Also, fT is the air 
temperature in the vessel when the compression is ended. This parameter is calculated by,  
1
2 2
1
f
set set
kT
T
P P
k
P P
=
 
− + 
 
 (2) 
The input compression work to a real compressor is given by,  
,c s
c
c
W
W

=  (3) 
in which 
c  is the compressor isentropic efficiency. 
2.2 Thermal Storage 
The temperature at the compressor outlet 
2T , air temperature at the expander inlet 4T , 
and total stored energy in TES 
thE  are calculated, respectively, by, 
1
2 1 2
2 1 2 1
1
,        
k
k
s
s
c
T T P
T T T T
P
−
 −
= + =  
 
          
(4) 
( )4 1 2 1thT T T T= + −             (5) 
( ) 22 1
11
set
th
f
PPkV
E T T
k T T
 
 = − −  −  
          (6) 
in which T2s is the outlet temperature from an isentropic compressor. Also, th  is the TES 
efficiency and is defined as the ratio of output heat energy to the air before expansion to the 
input heat energy from the air after compression. In this study, th  is taken as 0.9. 
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2.3 Storage Vessel 
Total energy transferred to the storage vessel 
vesselE  is obtained using the following 
equation: 
( )2
1
vessel set
V
E P P
k
 = −
−
           (7) 
2.4 Expander  
When the air is released from the storage vessel for power generation, its pressure 
decreases from the storage pressure 
2P  to pre-set pressure setP . The total power generated by the 
ideal expander is calculated using the following relation, 
( ) ( )
1 11
4
2 1 2
1
1
1
k
k kk
e set set
TkV
W P P P P P
k T k
−  
= − − −  
−    
 (8) 
The total power generated by a real expander is also found by,  
,e real e eW W =   (9) 
in which 
e is the expander isentropic efficiency. 
3. Exergy Model 
3.1 Compressor 
The exergy balance for the compressor is written as follows, 
c c cI E E
+ −= −            (10) 
in which, cI  is the rate of exergy destruction, cE
+
 is the rate of input exergy to the compressor 
and cE
−
 is the rate of exergy transferred from the compressor to air flow. Parameters of ,c cE E
+ −
are defined according to the bellow relations, 
c cE W
+ =            (11) 
( ) ( )2 1 1 2 1c aE m h h T s s
− = − − −           (12) 
where, 
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( )2 1 2 1Ph h C T T− = −           (13) 
2 2
2 1
1 1
ln lnP
T P
s s C R
T P
− = −          (14) 
where, subscript 2 refers to the after-compressor state and subscript 1 refers to the atmospheric 
state, as shown in figure 1. Also, parameters , , , ,  and c aW m h s T P  are the rate of compression 
work, air mass flow rate, enthalpy, entropy, temperature and pressure, respectively. Moreover, 
R  is the specific gas constant and 
PC  is the air specific heat of constant pressure. In these 
equations, 
2T , which is the after-compressor air temperature, is found using the following 
relation, 
1
2 1 2
2 1 2 1
1
,        
k
k
s
s
c
T T P
T T T T
P
−
 −
= + =  
 
      (15)  
In equation (15), 
2sT  is the isentropic air temperature after the compressor. The exergy transfer 
rate to the air flow defined in relations (12) to (14) can be split in two parts named mechanica l 
exergy ( )c ME  and thermal exergy ( )c TE , as follow, 
( ) ( )c c M c TE E E
− = +           (16) 
in which, 
2
( ) 1
1
lnc M a
P
E m RT
P
=           (17) 
2
( ) 2 1 1
1
lnc T a p
T
E m C T T T
T
 
= − − 
 
        (18) 
As the compressed air flow passes through the TES, its thermal exergy is absorbed by 
the TES. This stored exergy will be later used for preheating the air before expansion process. 
The remaining part of the flow exergy, which is the mechanical exergy, is then transferred to 
the storage vessel.  
Exergy efficiency of the compressor is defined by, 
c
ex
c
E
E

−
+
=            (19) 
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in which, cE
+
 is the total exergy transfer to the system by compression work and cE
−
 is the total 
exergy transfer from the compressor to air flow. These parameters are expressed as bellow, 
,c s
c c
c
W
E W

+ = =          (20) 
2 2
1 2 1 1
1 1
ln lnc a p
P T
E M RT C T T T
P T
−
  
= + − −  
  
       (21) 
In these relations, cW  is the total compressor work and aM  is the total air mass transferred to 
the vessel. Besides, c  is the compressor isentropic efficiency and ,c sW is the total input work 
to an isentropic compressor defined in equation (1). It should be mentioned that for an 
isentropic compressor, entropy remains constant during the compression process and, 
therefore, the exergy efficiency will be equal to 1. 
3.2 Thermal Energy Storage 
When the heat of compression is absorbed by the Thermal Energy Storage (TES), the 
compressed air temperature drops off to the ambient temperature 1T . The rate of thermal 
exergy transfer from air to the TES is expressed as, 
2
2 1 1
1
lnq a p
T
E m C T T T
T
−  = − − 
 
 (22) 
Moreover, the rate of exergy transfer from the TES to air before the expansion process in the 
expander is presented by, 
4
4 1 1
1
lnq a p
T
E m C T T T
T
+  = − − 
 
 (23) 
In the above relation, 4T is the air temperature at the expander inlet defined in equation (5).  
3.3 Storage Vessel 
The rate of exergy transfer to the storage tank is given by, 
2
1
1
lnv a
P
E m RT
P
+ =          (24) 
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where 2P  is the after-compressor pressure which is equal to the maximum pressure of the vessel 
which is so-called the storage pressure 
max( )P . By integrating the above relation, the total exergy 
transfer to the storage vessel during air compression is given by, 
2
1
1
lnv v a
P
E E dt M RT
P
+ += =         (25) 
Furthermore, during the power generation process, the rate of exergy leaving the storage vessel 
can be obtained by using, 
1
1
lnv a
P
E m RT
P
− =          (26) 
In this relation, P  is the vessel pressure gradually decreasing from 2P  to setP which is the 
initial vessel pressure. The total exergy leaving the vessel when generating power is also given 
by, 
2
1 2
1 1 2 1 2
ln ln ln 1set set setv v a
P P PPp
E E dt m RT dt VP
P P P P P
− −  = = = − + − 
 
     (27) 
3.4 Expander 
Exergy balance for the expander is expressed as follows, 
e e eI E E
+ −= −           (28) 
in which, eI  is the rate of exergy destruction in the expander, eE
+
 is the rate of exergy transfer 
from air flow to the expander and eE
−
is the resulting exergy transfer from expander to the power 
generator. These two parameters are defined according to the following relations by assuming 
that the expander outflow pressure gets the atmospheric pressure, 
e eE W
− =           (29) 
( ) ( )4 5 1 4 5e aE m h h T s s
+ = − − −          (30) 
where,  
( )4 5 4 5Ph h C T T− = −           (31) 
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4 5
5 1
ln lnP
T P
s s C R
T P
− = −          (32) 
in which, subscripts 4 and 5 refer to the states before and after the expander, respectively, as 
shown in figure 1. It should be noted that
4P  is the air pressure before expansion process being 
equal to the vessel pressure.  
Exergy efficiency of the expander is also given by,   
e
ex
e
E
E

−
+
=           (33) 
where, eE
+
 is the total exergy transferred from air flow to the expander and eE
−
is the total exergy 
transferred from expander to the power generator, as defined bellow,  
e eE E dt
+ +=             (34) 
,e e e s eE W W 
− = =            (35) 
where, e  is the expander isentropic efficiency and ,,e e sW W are total real power and ideal 
isentropic power, respectively, generated by the expander. The total isentropic power is 
calculated using equation (8).  
4. Results and Discussion  
In this study, energy density is defined as the total energy divided by volume of the 
storage vessel. Based on this definition, figure 2 shows distributions of the input compressor 
work and output expander work, both per volume of the storage vessel, versus the storage 
pressure. The results were obtained for different compressor and expander efficiencies when 
the pre-set pressure is 600 kPa. The results show that the storage pressure plays an important 
role on amount of input/output works in a high-temperature A-CAES system. As the storage 
pressure increases, both input and output works considerably increase. For instance, if the 
storage pressure increases from 2 MPa to 10 MPa, the input work to a compressor with the 
efficiency of 0.85 increases from 7.8 
3MJ m to 105.6 
3MJ m . Also, the power generated by an 
expander operating with the same efficiency is significantly improved from 4.2 
3MJ m to 63.2 
3MJ m if the storage pressure is raised from 2 MPa to 10 MPa. 
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(a)                   (b) 
Figure 2. Effect of storage pressure on (a) input compressor work (b) output expander power 
Figure 3 unravels the effect of the pre-set pressure on the input work to the compressor 
and output power from the expander. This figure is presented under various 
compressor/expander efficiencies for the storage pressure of 6 MPa. It is revealed from this 
figure that as the pre-set pressure increases, both input compressor work and output expander 
power decrease in an almost linear form. It is because that when the storage pressure is kept 
constant, increase of the initial pre-set pressure results in less air mass to be stored in the storage 
vessel. Accordingly, both consumed work and generated power are reduced. It is also shown 
that the component efficiency has a determining effect on the magnitude of work consumption 
and power generation. For instance, at pre-set pressure of 1000 kPa, the input compressor work 
is dramatically reduced from 59.8 
3MJ m to 40.9 
3MJ m if the compressor efficiency is 
improved from 0.65 to 0.95. Also, by raising the expander efficiency from 0.65 to 0.95, the 
output power increases from 21.3 
3MJ m to 31.1 
3MJ m .  
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    (a)              (b) 
Figure 3. Effect of pre-set pressure on (a) input compressor work (b) output expander power  
In this section, the obtained results from exergy analysis are presented. In figure 4, 
variations of the exergy transferred to the A-CAES by compression work and the exergy 
transferred to the power generator by expansion work are depicted versus the storage pressure 
ranged from 1 MPa to 10 MPa when the pre-set pressure is 600 kPa. According to this figure, 
by increasing the storage pressure, both input and output exergy terms increase. This increase 
is sharper at higher values of the storage pressure. Also, the effect of isentropic efficiency of 
the compressor and expander on exergy distributions during compression and expansion 
processes is well noticed. If the compressor efficiency is improved, the input exergy to raise 
the pressure from the atmospheric state to the storage pressure decreases. For instance at the 
storage pressure of 10 MPa, if the compressor efficiency increases from 0.65 to 0.95, the input 
required exergy to the system is reduced from 137.35 
3MJ m  to 93.976 
3MJ m  being 
equivalent to a reduction of 31.5 %. Similarly, if the expander efficiency increases, a higher 
portion of the air flow exergy is transferred to the generator for power generation. 
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(a)                                                                           (b) 
Figure 4. Effect of the storage pressure on (a) transferred exergy to the compressor (b) 
transferred exergy to generator  
Due to the irreversibility existing in steady-flow devices, entropy is generated, and 
exergy is destroyed. Clearly, the less exergy destruction in a machine, the more efficient that 
machine will be. Figure 5 presents distributions of the exergy destruction in the compressor 
and expander operating at different isentropic efficiencies in the selected range of storage 
pressure. As it is revealed in this figure, more exergy is destroyed in the expander than 
compressor at the same operating conditions. For instance, at the storage pressure of 10 MPa, 
exergy destruction in an expander with the efficiency of 0.85 is 9.069 
3MJ m  which is 2.076 
times larger than that in the compressor operating at the same efficiency. During the 
discharging process, the vessel pressure gradually crosses the line from the maximum pressure 
to the pre-set pressure. Due to the variable input pressure to the expander, a higher portion of 
the air flow exergy is destroyed in this machine, compared to the compressor functioning in a 
fixed pressure ratio.  
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(a)                                         (b) 
Figure 5. Exergy destruction versus storage pressure in (a) compressor (b) expander 
Figure 6 examines distributions of the exergy efficiency of the compressor and expander 
for a wide range of storage pressure and selected isentropic efficiencies when the pre-set 
pressure is 600 kPa. As it is shown in this figure, increase of the storage pressure generally 
causes the exergy efficiency of both compressor and expander to improve. This improvement 
is more noticeable for a low-efficient compressor or expander, i.e. 0.65 = . For instance, for 
a compressor working with the efficiency of 0.65, if the storage pressure increases from 1 MPa 
to 10 MPa, the compression exergy efficiency is improved from 0.835 to 0.917. This 
improvement for an expander working with the same efficiency is from 0.685 to 0.741. This 
figure illustrates that generally exergy efficiency of a compressor is higher than that of an 
expander as more exergy is destructed in the expander when generating the power.  
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(a)                                                                          (b) 
Figure 6. Exergy efficiency of (a) compressor (b) expander versus storage pressure 
5. Concluding Remarks  
In this appendix, a thermodynamic and exergy model was developed to analyse the 
performance of major components of a one-stage high-temperature A-CAES system under 
different operating conditions. The obtained results were presented for a wide range of 
governing parameters including the pre-set pressure and storage pressure as well as compressor 
and expander efficiencies. It was shown that if the storage pressure increases, the amount of 
energy stored and generated in the A-CAES system is dramatically improved. Also, it was 
shown that the stored and generated energy is reduced in a semi-linear manner as the pre-set 
storage pressure increases.  
The exergy analysis demonstrated that isentropic efficiency of the compressor or 
expander has a major effect on the amount of input exergy to the system during compression 
or output exergy from the system during expansion. In addition, it was shown that generally 
the expander is more exergy destructive than the compressor. For instance, at the storage 
pressure of 10 MPa, when both compressor and expander work with the efficiency of 0.85, the 
exergy destruction in the expander is 2.076 larger than that of the compressor. The analys is 
also revealed that increase in the storage pressure brings about the improvement of the exergy 
efficiency of both compressor and expander. This improvement is more noticeable for a 
compressor functioning at a low isentropic efficiency. 
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Based on these findings, utilization of the A-CAES seems to be suitable in large places 
where a great amount of excess, cheap energy is available. In such places, depending on the 
availability of the energy, the value of the pre-set pressure and storage pressure could be 
optimized. 
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